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SUMMARY 


The acoustic emission (AE) characteristics of pure copper, 
zirconium-copper, NARloy-Z, Glid Cop AA 10 and NASA 1-1 have been determined 
in order to aid the development of nondestructive evaluation schemes of 
thrust chambers via AE techniques. The AE counts rms voltages, frequency 
spectrum and amplitude distribution analysis were employed to evaluate the 
AE behavior under fatigue loading conditions. The results of AE testing 
were interpreted with the detailed evaluation of wave forms, crack propaga- 
tion characteristics as well as scanning electron fractographs of fatigue 
tested samples. 

In the cold worked condition, crack propagation in NARloy-Z produces 
AE signals that can be utilized for its detection. In other alloys, with 
a possible exception of NASA 1-1, AE signals are too weak to reliably detect 
the propagation of a crack. A sample of annealed alloys produces continuous 
type AE signals at the beginning of a fatigue test. However, as the sample 
work-hardens, the AE behavior becomes similar to that of a cold worked 
sample. When a sample of zirconium containing alloys is annealed repeatedly 
after each fatigue loading cycle, numerous surface cracks are produced 
during the subsequent fatigue cycle, emitting strong burst type AE signals. 
While frequency spectrum analysis of the AE signals does not readily 
identify the type of AE signals or their origins, amplitude distribution 
analysis exhibits responses that are characteristic of certain types of AE 
signals. The latter can be incorporated in nondestructive evaluation schemes 
of thrust chambers using AE techniques. 
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I. INTRODUCTION 


Acoustic Emission (AE) is the common name given to mechanical waves 
propagating in a solid. These waves are generated within the solid by 
certain processes that take place on the microscopic or submicroscopic 
scale, for example, yielding, dislocation motion, martensitic transformation 
and crack nucleation and growth. Other processes are also known to generate 
AE as well. Because of its potential as a useful research tool in learning 
dynamic events within a material, much efforts of correlating AE observa- 
tions to microscopic processes have been devoted, although our understanding 
is still inadequate (ref. 1-3). 

The application of AE techniques to detect and locate growing defects 
within structures has been successfully accomplished many times over the 
past dozen years. Most significant accomplishments have been in the areas 
of inspecting rocket motor cases and nuclear reactor vessels, but numerous 
other uses of AE have been successful (ref. 4-10). 

One of the important applications of AE is the detection of fatigue 
failure in its early stages. Certain successes have been reported both 
under laboratory conditions and large-scale structural testing conditions 
(ref. 11-22). It has been noted that, while even a small crack growth of 
~th~e~order-of-^5/im-ean-be-de-te^ted-j n-sma.lJl_ hi ah strength steel samp 1 e s , the 
vast majority of AE signals originates from the friction of fractured 
surfaces. Depending on materials, however, the level of AE signals during 
fatigue crack extension can be very low, especially in soft, ductile 
materials. 

In the Space Shuttle or Space Tug Program, the capabilities of non- 
destructive evaluation of various systems components are of crucial 
importance, since successful continuation of the program requires a 
rigorous standard of systems reliability. One of the difficult tasks is 
the detection of bond failures in electroformed-regeneratively-cooled 
thrust chambers. Thrust chamber panels are subjected to a large thermal 
strain of the order of 1% during each firing. While the firing lasts only 
a short time (much less than one minute), the surface liietal temperature 
may reach 500°C while the coolant of gaseous hydrogen at temperatures in 
the vicinity of room temperature circulates through cooling channels. Thus, 
fatigue failures due to repeated applicators of thermal strain are expected. 

An initial study of nondestructive tests of simulated thrust chamber 
panels was completed by Malone, et al . (ref. 23). They concluded that AE 
technique discloses nonbonds and unexpected weak bonds existing on flat 
test panels with electroformed copper cover plates, and that such disclosures 
make it possible to determine the processing variables, which has caused 
these weak bonds, and to correct the fabrication operation. While no 
correlation between AE results and bond strength could be established, the 
rate of AE provided a forewarning of impending failure of bonds or cover- 
plate. 


In order to utilize AE techniques more effectively in the integrity 
evaluation of flight hardwares, it is essential to determine the AE 
characteristics of candidate materials under fatigue loading conditions. 

This is the primary objective of this investigation. It is well known 
that copper and its alloys, that is, the candidate materials for thrust 
chamber panels, are among those materials that produce low amplitude AE 
signals during tensile testing at room temperature. This group includes 
low-carbon steels and stainless steels. AE data on candidate copper alloys, 
especially under fatigue loading conditions, is almost non-existent. Thus, 
the present study has evaluated the AE characteristics of pure copper and 
four copper alloys, i.e., Zr-copper, NARVoy -Z, Glid-cop and NASA 1-1. 

The materials in a cold-worked condition have been primarily evaluated, 
but effects of initial annealing and repeated annealing to simulate the 
high temperature excursion during a firing have also been studied. 

Tens ion -tens ion low-cycle fatigue tests have been performed. Both con- 
ventional and advanced AE data processing methods have been utilized. The 
data obtained have been analyzed and discussed in order to provide 
characterization of the AE with respect to the materials and their perfor- 
mance. Certain metallurgical problems have been discovered during the 
course of this investigation. Other application related problems as well 
as possible remedies are also discussed in this report. 

II. Materials and Specimen Preparation 

The starting materials for this project were supplied in the cold-worked 
condition in sheets of 1.6mm thick. These include the following five 
materials: 

I. OFHC (99.9+%Cu) 

II. Zirconium Copper (.15%Zr-Cu) 

III. NARloy-Z (3%Ag-.5%Zr-Cu) 

IV. Glid Cop Ail 10 (0.2%Ail Oxide-Cu) 

V. NASA 1-1 (l.UAg-O.ir/Zr-Cu) 

Through the rest of this paper, the materials will be identified by their 
Roman numeral designation. These cold rolled sheets were received from 
NASA Lewis Research Center, Cleveland, Ohio, and had been prepared from 
bar or plate stocks with the final rolling performed on 2.5mm thick annealed 
sheets. Therefore, the amount of cold work is 37% reduction in thickness. 

In the case of Alloy III, a piece of 3 cm wide, 30 cm long, 2.5 cm thick 
hot-rolled plate was also received. Strips of 2.5 hbii thick were machined 
from the piece, some of which were cold rolled to 1.6nro thickness using a 
two-high rolling mill at UCLA. 

The specimen geometry was chosen to be of the type single edge notch 
(SEN), and details are given in Fig. 1. Several tensile tests without a 
notch were performed, where the half-size ASTM standard sheet specimen 
geometry was used. The strain rate of the tensile tests was 1.67x10"® sec”\ 
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and the specimen thickness was also 1.6mm. 

Before fatigue testing, the gage length of each specimen was polished 
both mechanically using fine emery paper and electrolytically using 
phosphoric acid (density 1.40) diluted by equal amount of water at 
3V and 0.7 A/cm^. The purpose of the polishing is to remove small surface 
defects and also to facilitate accurate optical monitoring of the crack 
growth. Approximately 0.05mm was removed by the polishing procedures. 

III. Experimental Procedures 

3.1 Mechanical Testing 

All the mechanical testing in this study was performed using a floor 
model Instron with a loading capacity of 5000 kg. Strain cycling was 
controlled manually, since large amounts of plastic deformation made it 
impossible to use the extension control cycle of the testing machine. A 
load cell (9000 kg capacity. Model U-L, manufactured by Baldwin-Lima- 
Hamilton Corporation), and a Sanborn 350-1100 carrier amplifier were 
employed for load measurements. The load measuring system was calibrated 
using a proof ring (Model RR-60, 900 kg capacity, manufactured by Soil test, 
Inc.). The extension of the gage length section of a sample was measured 
using a clip gage originally designed for fracture toughness measurements 
( IrTsTroTr'ModeT^RT62-7H-)^;^ — The-e-Hp-qaqe-wa^-aftached— to— two__wedQe s that 
were clamped immediately next to the reduced section along the center line. 
While the distance between the bases of the wedges was 21mm, the effective 
gage length is equal to the length of the reduced section, namely, 12.7trari, 
as the deformation was confined to the reduced section. The test set-up is 
shown in Photo 1. 

The deformation within the gage section is non-uniform because of the 
notch. Any reference to strain should be considered as a nominal 
representation of an average strain within the gage section. The accuracy 
of the extension measurements was 0.01mm in the early stages of fatigue 
cycling. Following the extension of a crack, the wedge tips becomes non- 
parallel making the extension measurements much less accurate. The exten- 
sion measurements after a crack has extended a half way may be in error by 
as much as 1mm. However, this is considered by being nOn-critical since the 
value of extension can differ as much as 5mm depending on the location where 
it is measured. A regulated DC power supply of 5 V was fed to the strain 
gage bridge circuit of the clip gage and the output was recorded directly on 
a chart recorder (and/or an X-Y recorder). It was calibrated using a micro- 
meter. 

The nominal strain cycling conditions were as follow: 

Condi tioTT Strain Amplitude Strain rati 

2x10"^ (sec‘M 
4x10"; 

2x10" 


If 

2s 

2f 


n 

2 % 

2 % 
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Nominal strain rate is computed from a cross-head speed employed and the 
length of the reduced section. Because of elastic relaxation of testing 
apparatus, actual strain rates were not constant especially during crack 
propagation. The fatigue cycling was in a tension-tension mode with R = 0. 
Specimen grips had a ball and spherical seat arrangement and no alignment 
difficulty was encountered during unloading and reloading. Crack length 
was measured using a 20-power microscope with a calibrated reticule of 
0.05mm step. 

Basically, three types of material conditions were used in fatigue 
tests. These are (i) the cold rolled condition, (ii) the cold rolled and 
annealed condition (650°C, 10 min.) and (iii) the initially annealed 
condition (650°C, 10 min.) with repeated annealing after each straining 
cycle (538°C, 10 min.) During the repeated annealing operations, the 
sample was left in the grips, and the wedges for clip gage remained bn the 
sample. An AE transducer, however, was removed and reattached. No polish- 
ing was done after the first straining cycle. Annealing was performed in a 
stainless steel retort, evacuated and back-filled with hydrogen to the 
pressure of 1.5cm of mercury. After annealing, the retort with samplers) 
inside was allowed to air-cool, taking a half hour to room temperature. 

3.2 Acoustic Emission Testing 

The major part of AE testing has utilized commerically available 
equipment. The following components and apparatus were employed: 

a) Model AC375 differential transducer with the resonance frequency, 
of 371 kHz and peak sensitivity of -63 dB referred to IV//^ bar. 

b) Model 160 preamplifier with a 250-500 kHz bandpass filter plug-in, 
having the gain of 60.2 dB. The input noise with input shunted by 50fi 
was 1.45/iV. With an AC375 transducer, it was 1.60//V. 

c) Model 201 signal processor. (These three items were supplied by 
Acoustic Emission Technology Corporation, Sacramento, California.) This 
signal processor provides up to 40 dB of amplification (continuously adjust 
able between 0 and 40 dB), determines threshold crossing counts with either 
a pre-set (manual) threshold level or an adjustable dead-band (automatic) 
threshold level, and produces DC analogue voltages proportional to rms- 
voltages of the input signal with a time constant of 5 msec. In addition, 
amplified AE signals and a voltage ramp can be obtained from this unit. 

d) Data recording utilized two units of Sol tec 2-pen recorders. 

Model 291. An X-Y recorder (Hewlett-Packard 7005A) was also utilized for 
simultaneous recording of load-extension curves. 

The automatic threshold mode of the signal processor was utilized in 
the present tests except in the study of amplitude distribution analysis. 
The trigger level is adjusted automatically at a fixed voltage above the 
continuous background, counting only these signals exceeding that level. 
This method can be used most effectively when the AE signals are of the 
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burst-type. Its use allows the operator to set a high gain without the risk 
of loading the counter when the background noise fluctuates. The output 
counter is a 0-10 VDC analog signal directly proportional to zero to full 
scale of counter setting (10^, 10“ or 10® counts full scale). In the 
present experiment, the total gain of the system was fixed at 100 dB (10®). 
The automatic threshold control was used and the trigger level was adjusted 
to 0.30 V (or 30/iV equivalent at the preamplifier input). 

The experimental data was recorded on two two-pen chart recorders and 
on X-Y 1 -Y 2 recorder. The load and rms voltage were plotted against time on 
one two-pen recorder. The other plotted, as a function of time, AE counts 
(the counter was reset at the end of each cycle), and clip gage displace- 
ment (CGD). The X-YX-Y 2 recorder recorded load and counts vs. CGD. A block 
diagram of the above setup is given in Fig. 2. It is important to note 
that the load was transmitted to the specimen by a universal joint and by 
ball joints of the upper and lower specimen grips, so as to apply pure 
tensile load on the specimen. The transducer was attached to the specimen 
just above the reduced gage section by means of a C-clamp (see Photo 1), 
and acoustically coupled by a resin designated as SC6, obtained from 
Acoustic Emission Technology Corporation, Sacramento, California. 

Amplitude distribution and frequency spectrum analyses of AE signals 
were performed on recorded signals. The amplitude distribution analysis ■ 
irti1~i ze~d~the~same-si ona-l— Drocessor-descr-i-bed_above . except t he manual thres - 
hold mode (with 0.30 V threshold voltage) was employed as wel 1 . Because of~ 
the low intensity of AE signals, commercial wideband transducers could not 
be utilized in these tests. A PZT-5, compressional mode transducer element 
with 3 MHz fundamental frequency was used in this part of the study. The 
element was a 6.4mm diameter disc, gold-plated on both sides and was 
obtained from Valpey Fisher Corporation, Hopkinson, Minnesota. It was 
bonded to an aluminum casing with epoxy glue. No significant resonance of 
the transducer was detected over the frequency range of 30 to 2000 kHz, 
except for a small peak near 450 KHz. A model 160 preamplifier with 
30 to 2000 k.Hz filter plug-in was used. In this configuration, the input 
noise was 3.4 A<V. Two tape recorders were used in this investigation. One 
was Bell and Howell VR 3700A instrumentation tape recorder with three 
channels of AM (0 to 2 MHz) and four channels of FM (0 to 500 kHz), 
operated at 3.05 m/s. Load signals from the Instron were simultaneously 
recorded. Another was Sony AV 3650 video tape recorder with a proper 
modification (ref. 24). A gated amplifier synchronized with the video 
tape recorder was used to eliminate head-switching noise. The stop motion 
feature of the video tape recorder provided a short segment (approximately 
1 to 10 msec) of the recorded signals at the rate of 60 Hz to frequency 
analysis equipment. 

The power density spectrum of AE signals was determined in two steps 
(ref. 3,25,26). The autocorrelation function of a particular portion of AE 
signals was first obtained using a correlator (Progress Electronics 810A), 
the output of which was acquired and stored in a minicomputer (Digital 
Equipment Corporation, POP 8/E with 8K core memory). Subsequently, the 
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stored data was converted to the power density spectrum by means of 
digital Fourier transform using the Cooley-Turkey algorithm [the so-called 
fast Fourier transform (FFT) method]. The power density spectrum was 
typically measured in the range up to 500 kHz with the resolution of 3.9 kHz. 
The upper frequency limit was 2 MHz in the present system. The averaging 
time, over which the measurement was made, was approximately 1 sec. 

The PDP-8 minicomputer was programmed to read a discrete correlation 
function and convert the time domain analysis to the frequency spectrum by 
performing a FFT. The frequency spectrum is subsequently recorded 
permanently on an X-Y plotter or visually displayed on an oscilloscope. 

The system is also able to provide other options such as background sub- 
traction and data print-out. The computer program offers several options 
prior to plotting the final data; the operator may choose to obtain the FFT 
of the background, the AE signal, or the difference of the two. Background 
consists of the inherent electrical and mechanical noise of the instru- 
mentation; it is obtained prior to starting the experimental run. The FFT 
of the backgorund and data may be stored in the computer memory for future 
reference. When background subtraction is desired, a background factor is 
selected to compensate for differences in input gains of the signal and 
background. Only one storage space is available for the background and up 
to 32 sets are available for simultaneous storage of transformed data. 
Existing background and data information are automatically erased when new 
values are entered onto a particular storage page. 


IV. Results 

4.1 Preliminary Data 

Hardness data of test materials is summarized in Table I. Rockwell 
A-scale was used. As-received sheets had hardness ranging from 33.8 for 
copper to 48.8 for Alloy IV. Annealing at 650®c, 10 min. reduced the 
hardness of Alloys III and IV to nearly one-half of the initial value, while 
the hardness of Alloy II was only slightly reduced by annealing at 538®C, 

10 min. When the duration of annealing time at 538®C was increased to 2 
hrs., additional annealing effects were small. Data of Alloy III plate 
stock is also included in Table I, indicating the as-recieved plate to be 
very soft. The cold rolling of the plate stock did not achieve the same 
degree of hardening as in the sheet material. 

Tensile test data is given in Table II. Both smooth and notched 
sheet specimens were tested in the annealed and as-received (cold worked) 
conditions, respectively. Smooth tensile data in the cold worked condition 
was supplied by NASA Lewis Research Center, and is included in Table II. 

Yield strength at 0.2% offset is given and notch tensile strength is equal 
to the maximum load divided by the minimum initial cross-sectional area. 

Notch sensitivity is the ratio of notch tensile strength to tensile strength. 
An annealed smooth sample has a larger value of elongation than the 
corresponding cold worked sample, except for the Alloy V sample that 
failed at one of preexisting rolling cracks in the gage section. The yield 
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strenth was always lower in the annealed condition for a given material, 
but the tensile strength was higher in the annealed condition of Alloys II 
and IV (and possibly V). The observed values of notch sensitivity was al- 
ways greater than unity, ranging from 1.04 for Alloy IV to 1.36 for Alloy V. 

A good correlation exists between the hardness and yield strength of 
these alloys. However, no apparent relation can be established for the 
tensile strength data. The yield strength (Y.S.) can be expressed by 

Y.S. (in kg/mm^) = 1.45 - 26.5, 

where is the Rockwell A-scale hardness number. 

Annealing of samples revealed unexpectedly the formation of blisters. 

In Alloys III and V, annealing produced blisters on the surface of sheet 
samples, as shown in Photo 2. The size of the blisters was about 0.5mm in 
diameter and their surfaces had small cracks as shown in Photo 2b. The 
blisters appear to originate from rolling defects in the sheet, as no 
blister formed when a piece cut from the plate stock of Alloy III was 
annealed. Sheet specimens of Alloy III cold rolled at UCLA also produced 
no blisters after identical annealing treatment. 

In-i-ticLl_AE te sts were perfor med using cold worked pure copper (Alloy I) 

Except during the first cycle, from which several~bm^rT'ign'a1's~a'nd~AE 

counts, less than lOOO, typically several hundreds were observed, almost 
no AE counts were obtained during the macroscopic crack extension in the sub 
sequent cycling. The oscilloscope observations revealed no burst signal, 
although the rms voltage of the signal increased from 1. 6 to 1.65//V while 
the crack propagation was observed. Because of the low signal level, 
especially the lack of AE counts corresponding to crack propagation, AE 
study of Alloy I was terminated. 

4.2 Fatigue Test Results and Fractoqraphy 

Results of fatigue tests are summarized in Table III. Test condition 
refers to the material condition (i, ii, or iii) and loading condition 
(If, 2f or 2s), as designated previously. Cyclic notch strength refers to 
the maximum load during a fatigue test divided by initial minimum cross- 
sectional area. For the cold-worked materials, the cyclic notch strength is 
invariably lower than the notch tensile strength, given in Table II. The 
reduction is approximately 30% in Alloys II, III and V, and is approx- 
imately 15% in Alloy IV, respectively. The cyclic notch strength for a 
given material is nearly identical regardless of loading condition. Both 
initial annealing and repeated annealing procedures have reduced the cyclic 
notch strength significantly; e.g., by nearly 50% in Alloy III (cf. 

Specimen Nos. III-5, 6 and III-T2). 

Total inelastic strain accumulated during a fatigue test (Df -) in the 
cold worked condition is comparable to an elongation value in a notch 
tensile test of the same material. The total amount of strain imposed on a 
sample (Le) can be obtained by multiplying the strain amplitude and the 
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number of cycle to failure. The error introduced by this procedure is 
less than 10% of the total. This value is always greater than total in- 
elastic strain, which generally is 70 to 90% of the total imposed strain. 
Because of the increased number of elastic loading Contributions, the 1% 
strain amplitude condition has resulted in lower ratios of inelastic strain 
to imposed strain, the case of Specimen Nos. IV-3 and 4 being- most extreme. 

It should be cautioned that the magnitude of the strain readings include 
crack opening contributions and not just the deformation of a sample material. 

The observed values of 2 are similar to the observed elongation 
values in notched tensile test (cf. Table II). This comparison is obviously 
valid only for the cold worked condition, as no tensile data is available 
for other conditions. The values of Ec- of 20.6, 14.4, 10.6, and 26.0(%) 
for Alloys II, III, IV and V, respectively, can be compared to 20.0, 13.4, 

15.6 and 28.0(%) for the corresponding notch tensile elongation. Annealing 
of a sample increases the value substantially. Increases of 50 to 200% 
can be seen in Table III. The major portion of the increases appears to 
result from the initialannealing effect (at 650°C) and subsequent annealing 
(at •538°C) contributes little toward the increase in Z€<> according to the 
observations in Alloy III. The most significant changes'in Zf.- due to 
annealing were found in Alloy III prepared from plate stock, where Zc* of 
13% in the cold worked condition increases to 39 to 41% in annealed ' 
conditions. 

The number of cycles to failure (n^) was found to be small except for 
a few cases with 1% strain amplitude, when the strain amplitude was 2%, 
the average n^ values were 13.5, 8.0, 6.25 and 15.5 for cold worked Alloys II, 
III, IV and V, respectively. Annealing had beneficial effects, but n^ 
was still below 25. When the strain amplitude was 1%, larger n^ was ' 
observed except in Alloy II. In Alloy IV, n^ was 8 to 17 times'larger 
with the lower strain amplitude. 

The crack growth data is tabulated in Table IV together with 
AE results. When the crack length (£’) is plotted against the number of 
cycles (n) in a log-log plot, a straight line with the slope of 2 describes 
the A-n relationship; i.e., £ « n^. Crack growth can also be correlated to 
inelastic strain, as shown in Fig. 3. A single straight line with the 
slope of 2,0 to 2,6 can represent the I - € . relationship of a given 
material reasonably well. However, the scatter in Alloy III is quite large 
and appears to be a consequence of material variability, primarily due to 
preexisting flaws introduced by cold rolling. Effects of different strain 
rates or strain amplitude are not evident. When specimens (except Alloy IV) 
were annealed between loading cycles, numerous fine cracks developed ahead 
of the crack tip and within the plastic zone, the boundaries of which are 
initially inclined approximately 45® to the tensile axis (see Photo 3). Sub- 
sequently, some of those fine cracks were connected during loading (see 
Photos 4 and 5). This behavior prevented meaningful measurements of crack 
propagation except in Alloy IV. In repeatedly annealed Alloy IV, A is 
nearly proportional to as can be seen in Fig. 3. The region where cracks 
develop from repeated annealing and loading was quite extensive as Photos 
5a and b indicate. Photo 5a shows the sample with the macroscopic crack at 
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about one-third of the sample width, while Photo 5b shows the development 
of carck pattern after fracture. 

Macrophotographs of fracture samples are shown in Photo 6, for the cold 
worked (i) and repeatedly annealed (iii) conditions. Those of the annealed 
conditions (ii) were similar to the cold worked ones. In the cold worked 
condition. Alloys II and V resulted in a knife-edge type fracture surface. 

As shown in Photo 6a, however, fracture of Alloy II proceeded along the 
direction approximately 60® to the loading axis while that of Alloy V was 
along the direction normal to the loading axis. The plastic zone in these 
alloy samples was readily noticeable. Alloys III and IV produced a slanted 
fracture surface. The fracture surface of Alloy III was much rougher than 
that of Alloy IV. In the repeated annealed condition. Alloy IV again showed 
a slanted fracture surface as in the cold worked samples of Alloy IV. The 
other three alloys produced extensive surface cracking as described above, 
and the fracture surface was rugged. 

Scanning electron micrographs of fracture surfaces are shown in 
Photos 7 to 10. These were obtained using a Cambridge scanning electron 
microscope. In the cold worked condition. Alloy II and V showed mostly 
pure shear fracture mixed with some dimples and tear ridges (see Photos 7a, 
c and d). At the tip of a knife edge in Alloy II, more dimples were 
observed (Photo 7b). Alloy III exhibited elongated dimples (Photo 8a) 
and also some areas of pure shear (Photos 8b and c). As the arrow corres- 
ponding to the crack propagation~dtrection-indicat-esT-the-elongated-dimp-les_ 
were due to shear tearing. Fractured particles are also visible. 

Alloy IV produced much finer elongated dimples as Photo 8d indicates. 
Annealed Alloy III exhibited more irregular mixtures of elongated dimples 
due to tensile tearing and shear (Photos 9a and b). 

In the repeatedly annealed condition. Alloy IV produced essentially 
the same dimple pattern as in the cold worked condition. However, three 
other alloys showed more complicated fracture surfaces. As noted earlier, 
these samples produced surface cracks. These surface cracks extended as 
much as 0.3mm into the sample. As Photos lOa-c show these surface cracks 
resulted from intergranular fracture. This region shows a very fine 
equiaxed dimple (a few //m diameter) as shown in Photos 10b and c. Inside 
the intergranular fracture region, pure shear fracture and equiaxed dimples 
(Photos lOd and e) were observed in Alloy III. In contrast, only pure 
shear fracture was found in the center section of Alloys II and V (see Photo 
lOf). The shear region in Alloy III was between the intergranular fracture 
(outside) and equiaxed dimples (center) and the shear markings were nearly 
normal to the direction of macroscopic crack propagation. This suggests 
that the shearing occurred after the fracture of the outside and center 
sections of the sample. In the case of Alloys II and V, the shear markings 
make a sharp angle as shown in Photo lOf, suggesting that the shearing 
controls the process of crack advancement. 
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4.3 


AE Results 


4.3.1 General Observations 

In general, the AE results can be categorized into four types: 

1) Low AE activities from a cold worked sample of Alloys II, IV 
and V (see fig. 4) 

2) Moderately active AE signals from a cold worked sample of 
Alloy III (see Fig. 5). 

3) High AE activities in an annealed sample (see Fig. 6). 

4) Very high AE activities from a repeatedly annealed sample 
(see Fig. 7). 

These four types are illustrated by plots of load and rms voltage values 
(V„) against time and the corresponding plots of displacement and AE counts 
agSinst time in Figs. 4-7. These were obtained during fatigue tests. The 
units of load and displacement were converted to engineering stress and 
strain. The rms values are given as the equivalent voltages at the pre- 
amplifier input. These figures are photographically reduced copies of the 
data recorded on chart and X-Y recorders during actual testing. In all 
the figures the rms voltage is shifted to the right from the corresponding 
stress value by one small division or one quarter of a minute due to a 
separation between the pens of a two-pen chart recorder. The same graphical 
displacement to the right applies to the AE count data relative to the 
strain vs. time curve. Each pair of plots that appear on the same page is 
aligned in such a fashion that values that correspond to a given time can 
be comapred. The constant V^ value at 1.6//V between signal spikes is the 
background level of the signal resulting from steady-state electronic noise. 
The AF counts are presented on the figures in two ways; the counter being 
reset at the end of each cycle (as in Fig. 4b) and a continous count through- 
out the test (as in Fig. 5b). The strain vs. time curve for each cycle con- 
tains three distinct sections. The first, designated as elastic, is the 
part where the strain increases linearly with time in a moderate rate, which 
also corresponds to the linear portion of the stress-time curve. The second, 
or inelastic, part starts at the point where the strain rate tend to increase 
and reaches a higher value. This part includes the plastic deformation and 
the crack propagation and is reflected in the stress-time curve as a non- 
linear portion. At the end of the inelastic stage the strain-time curve 
reaches a peak, but it does not correspond to the point of maximum stress 
since the crack continues to propagate even under decreasing load. The 
third part of the curve is the unloading. This stage starts from the peak 
of the strain-time curve to the minimum value. 

The AE count data are summarized in Tables IV-VI. Detailed cycle- 
by-cycle AE data are tabulated and attached as Table VI and their summaries 
in Tables IV and V. An individual listing in Table VI present the 
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cycle-by-cycle accounts of the following information: the number of AE 

counts per cycle from the elastic region, 4Ne*, that from the inelastic 
region, ; that from the unloading region, 4Ny; the total number of 

AE counts during each cycle, 4N; the cumulative AE counts, £4N; per- 
centage of the cumulative AE count with respect to the total counts, f; 
the cumulative inelastic strain, the length of a crack, /. Total 
counts and their distribution among the three regions as well as the 
corresponding quantities for all the cycles less those of the first cycle 
are also given. The values in parenthesis are rounded percentage figures 
of these quantitites. The values designated as elastic, inelastic, and 
unloading were determined by the change in slope of the strain vs. time 
curves . 


The most common behavior of the cold worked specimens tested 
(except Alloy III) was the low level of the AE signals. This was reflected 
in low levels of rms voltage output and small numbers of counts per cycle 
as can be seen in Fig. 4a and b. The AE count rates started to increase 
as the yielding process of the first cycle began. In this cycle the crack 
initiation and the very early stages of crack propagation occurred and are 
reflected in the stress-time plot in the form of the maximum stress. 

During all of the subsequent cycles, less than 25% of the total counts 
were typically observed. Beyond the first cycle, most of the AE counts were 
observed. The output was essentially at the same level as the continuous 
background, but contained a limited number of burst type emissions, 

especiaTly during “th^~firs1:~cyci^-; These-observa-tiens-wepe-not-unexpected 

from the ductility of the materials tested, as it is well known that AE 
signal levels are low for ductile materials and that ductile fracture 
produces low amplitude AE signals. Nevertheless, the extremity of the low 
level AE signals was surprising. It is also expected that extraneous noise 
from grips and the loading train are most numerous during the first cycle. 
The subsequent cycles showed only small number of counts (typically below 
100 counts per cycle). Occasionally a few bursts of emissions from the peak 
stress range of a certain cycle resulted in an increase of the number of 
counts for that particular cycle, thus raising the total for the test. 

The second type of behavior was observed in cold worked Alloy III 
samples. Most counts were observed also during the first cycle as shown 
in Fig. 5b. This type did have an observable change in rms voltages at 
each cycle although the increase was small. The signal accompanied the in- 
elastic portion of the stress-strain curve and produced a small number of 
counts per cycle. At the beginning of the first loading cycle, spikes in 
the Vy. vs. time curve appeared, but the remainder was essentially the con- 
tinuous type signals judging from Fig. 5a. More detailed observations on 
the nature of AE signals will be described later. 

The specimens tested in the annealed condition differed from the 
cold worked ones in the early stages of deformation, before reaching the 
maximum load, as shown in Fig. 6a. The same figure also shows the three 
cycles at the maximum stress region and the four cycles just preceding the 
fracture where the stress-time curve behaved similarly as that of the 
cold worked sample. The early cycles produced a significant increase in the 



rms voltages of the signals. The oscilloscope observations revealed most 
of the signals to be of the continuous type. The shape of the 7r vs. 
time curve was very similar to that resulting from the yielding portion of a 
notch tensile test of the same material. The total AE counts were very 
similar to those observed on a cold worked specimen, but the effect of the 
first cycle was less pronounced. 

The signals from the repeatedly annealed specimens were completely 
different from all those discussed above. Figure 7 shows typical AE 
behavior of this condition. The first cycle was similar to that obtained 
from an annealed specimen, and showed a peak in the Vr vs. time curve just 
before yielding. The AE behavior after additional annealing showed an in- 
crease in AE activity. The total number of counts was high. Oscilloscope 
observations and the rms voltage showed very strong burst- type activities 
beginning at the early part of the loading cycle. The majority of the 
signals was of the burst type, but the continuous type signal was also 
present during the inelastic portion of the stress-time curve as evidenced 
by the raised level of V^. 

4.3.2 Alloy II 

A total of six specimens were tested in the cold worked condition. 

The total number of AE counts for this condition was in the range of 
1.5 X 10^ to 18 X 10^ with the exception of Specimen II-7 that produced a 
total of 1.4 X 10® counts (see Table IV). During the first cycle, most of 
the AE counts, more specifically between 77 and 95% of the total counts for 
the entire test, were generated. While specimen-to-specimen variations were 
large, approximately one-half of the AE counts resulted from the elastic 
part and the other half from the inelastic part during the first cycle. A 
small fraction of the AE counts was generated in the unloading position. 

When the counts of the first cycle were subtracted from the total , the 
number of counts was in the range of 200-4000 AE counts, and the distri- 
bution was the following: 50, 25, 25% from the elastic, inelastic and un- 

loading part, respectively. The number of AE counts from the inelastic 
part, during which the crack propagation occurred, was extremely low beyond 
the first five cycles. Observed AE counts for this part,4Ni, were typically 
below 10 counts, even when the crack was propagating at steps of 0.1mm to as 
much as 5mm per cycle. The effect of strain rate and strain amplitude on 
the AE count results was within the scatter and could not be discerned. The 
rms voltage of the AE signal was almost always at the background level, 
except for the first loading cycle. During the first cycle, spikes in the 
vs. time curves were noticed, indicating the presence of burst-type 
emissions. These spikes appear to be due to extraneous signals, since 
most of these were generated at low stress levels in the elastic part. It 
can, therefore, be concluded that Alloy II produces few AE counts originating 
from the propagation of a fatigue crack. Some of the AE counts during the 
first cycle may originate from plastic deformation, but most of them 
apparently come from the grips. Effects of the gripping noise, however, 
become insignificant after the first cycle. 


12 



In the case of Specimen II-7 that generated an exceptionally large 
number of counts, a large number of spikes were observed on the vs. 
time curve in most of the loading cycles. Table VI also shows that the 
high number of counts for this specimen were generated from the elastic and 
unloading parts, but was quite low. Thus, almost all of the observed 
AE counts for Specimen lI-7 can be attributed to a large amount of noise 
generated from a faulty specimen gripping. 

4.3.3 Alloy III; Cold Worked 

Ten specimens were tested in the cold worked condition. Two of them 
(III-N2 and III-N3) were prepared from a plate stock as noted earlier while 
the rest were machined from the as-received sheets. The AE test results 
from the two types of materials were within the observed scatter. The 
total number of counts for this condition ranged between 2.3 x 10^ and 
34 X 10^. The average distribution of these counts was: 40% for the 

elastic part and 50% for the inelastic part. After subtracting the AE 
count of the first cycle, the total was 700-7200 counts with 20% of the 
AE counts generated from the elastic part and 75% from the inelastic part. 
The elastic part produced a high number of counts for the first four cycles. 
The inelastic part generated moderately high AE counts throughout the test. 
While the number of AE counts from the inelastic part, Nj , was slowly de- 
creasing— toward_the_end__of_ajfatigue test and a few cycles deviated from the 
general pattern, the number of AE counts was typi'caiiy^irr-the-hundreds— (see- 
Table VI). The AE count information from this alloy serves as a definite 
indication of the crack propagation process. The rms voltage of the AE 
signal was mainly of the burst type during the first cycle. This changed 
during the rest of the test; that is, a small increase of approximately 
0.05 //V above the background level was observed during the inelastic part of 
each loading cycle. This signal was mainly of the continous type as 
observed on the oscilloscope, but even when the V^ vs. time curve did not 
display any spikes the signal did contain many burst-type emissions. 


4.3.4 Alloy III; Annealed 

a. Standard Size Specimens 

A total of three specimens was tested in an annealed condition. The 
number of AE counts ranged from 2.5 x 10^ to 6.3 x 10 ^ Between 94% and 98% 
of the counts were generated in the inelastic part, thus giving a good 
correlation between the observed AE counts and the crack propagation and 
plastic deformation. Only 4% of. the counts were originated in the elastic 
portion of the cycle. The AE counts during the first cycle made only a 
small contribution to the total, as seen in Table V. The rms voltage of the 
AE signal was high for the first three or four cycles reaching values of 
about 1 /iV above the background level. Beyond those early cycles the V^ 
vs. time curve was similar to thos;e of the cold worked specimens of this 
alloy. As Fig. 5 shows, V^. increased approximately 0.05 a^V (to 1.65 /iV) 
when the work hardening occurred following the elastic part, i.e., before 
the appearance of a crack, as well as when the crack propagation occurred 


13 



in the inelastic part during those cycles following the highest stress. 

The surface cracks that had become visible during the initial annealing 
treatment opened up during the first cycle, but did not grow. No 
corresponding spike on the Vp curve was observed and no unusual increase in 
the number of AE counts resulted from the opening of these surface cracks. 

When these cracks were in the path of a propagating fatigue crack, the 
propagation of fatigue crack occurred by joining some of the surface cracks. 
The surface cracks in other parts of the sample changed little throughout 
the fatigue test. 

b. Thick Specimens in the As-Received Conditions 

Two specimens were tested in this condition; i.e., III-Sl and III-S2. 
These specimens were machined from the soft, as-received plate to the same 
geometry as the regular specimens, but their thickness was 2.5mm as compared 
to the standard 1.6mm. Both specimens had generated a large number of AE 
counts, 2.3 X 10® and 2.9 x 10®, which is almost two orders of magnitude 
above the number of counts obtained from the annealed specimens described 
in the preceding section. The inelastic part of the cycle was the major 
source of the AE counts with values of 78% and 89% with a minor contribution 
in the elastic part. The contribution of the first cycle was small. Most 
of these increased AE counts were generated from strong burst signals 
observed during the development of a plastic zone ahead of the crack starter 
notch; that is, before the highest stress was reached and before a macroscopic 
crack started to propagate. 

The Vp vs. time curve of these specimens was quite different from the 
one obtained from the other annealed specimens. The large increase in the 
continuous emissions level for the first four cycles did not occur. Instead, 
the continuous level increased from the background level by 0.05 /iV to about 
0.2 /iV. This continuous type of emission was generated during the in- 
elastic part of the cycle for both specimens. In the case of III-Sl, these 
were accompanied by the presence of burst spikes both during the elastic 
and inelastic parts of the fourth through the fourteenth cycles. The 
highest stress was reached at the fourteenth cycle and macroscopic crack 
growth also was initiated in this loading cycle. The occurrence of the spikes 
was predominantly from the inelastic part as indicated also by the number of 
observed AE counts as shown in Table VI. Specimen III-S2 was somewhat 
different as seen in Fiq. 8. The increase in the con ti nous type rms voltage 
level was at most 0.05/iV. The majority of the spikes, however, were 
observed from the inelastic portions of the seventh, eighth, and ninth 
cycles. This was reflected also in the AE counts presented in Table VI. 

In both cases, the middle part of the fatigue test produced most of the total 
AE counts, which increased approximately by an order of magnitude in com- 
parison to other annealed samples as shown in the listings for Specimens 
III-Sl and III-S2 in Tables VI. When the specimen reached its highest 
stress for the fatigue test and a crack started to propagate, the AE 
characteristics of the specimen were essentially the same as those of the 
cold worked specimens of this alloy. The number of AE counts, however, was 
slightly larger than those in the cold worked specimens. These specimens 
showed no evidence of any surface cracks when a large number of AE counts 
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were observed accompanied by numerous spikes in the vs. time curve. 

However, the presence of an extensive plastic zone ahead of the notch was 
clearly recognized. 

4.3.5 Alloy IV 

A total of seven specimens was tested in the cold worked condition. 

The total number of AE counts was between 1.5 x 10^ and 27 x 10^ with the 
following distribution; 60% generated during the elastic part and more than 
30% during the inelastic part, on the average. Without including the first 
cycle the AE counts ranged from 150 to 9000 out of which 30% resulted from 
the elastic part and 55% from the inelastic part, on the average, as indicated 
in Table IV. There was a large scatter of the AE count data among various 
specimens. The number of counts usually declined drastically after the 
initial few cycles. It is significant that the number of the counts per cycle 
generated during the inelastic part is low. Most of the 4Ni were generated 
in a few large jumps, for which corresponding large spikes in the vs. time 
curve were observed. For instance, large 4Nj counts and the corresponding 
spike were observed during the following cycles; the eighth, thirtieth and 
thirty-fifth cycles of Specimen IV-3, the eighth and ninth cycles of 
Specimen IV-4, and the fourth cycle of Specimen IV-8. These are likely to 
be of the extraneous origin, rather than valid AE signals. During many 
cycles when the crack was propagating 0.5 to 1.5mm per cycle, no AE count 
-was-observeck — T-h6-rms_vo_l t aoe was t y pically the same as Alloy II; that is, 

no increase over the background level except for spikes"~iTi-the— Vf-vs-7Hj-™e 

curve during the first loading cycle and occasionally observed spikes. Thus, 
much of the observed AE indications from Alloy IV samples appear to have 
little correlation to fatigue crack propagation, as in the case of Alloy II. 

4.3.6 Alloy V 

The eight specimens tested in the cold worked condition had the total 
AE counts in the range of 3.9 x 10^ to 32.6 x 10^. One specimen (V-2) pro- 
duced only 878 counts, which appear to be due to an ineffective bonding 
between the transducer and the specimen. Excluding the data of Specimen V-2, 
the above counts were distributed, on the average, as follows; 43% of the 
AE counts were generated during the elastic part and 55% during the inelastic 
part. After subtracting the first cycle, the total AE counts were reduced 
to 472 to 4200, with 30% of the total resulting from the elastic part and 60% 
from the inelastic part, as shown in Table IV. The general features of the 
AE counts and rms voltages are basically similar to those observed in 
Alloys II and IV. In the case of Alloy V, however, certain samples (e.g., 

V-8, 9 and 10) generated reasonably high levels of (up to several 
hundreds counts) corresponding to fatigue crack propagation. Mos^ of these 
AE counts were observed without accompanying Targe spikes in the V vs. time 
curve. Therefore, some of the observed AE counts appear to be produced from 
an advancing fatigue crack. 
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4.3.7 Repeatedly Annealed Condition 
a. Alloys IK III and V 


Two specimens of Alloy II and one specimen each of Alloys III and V 
were tested in this condition,' that is, initial annealing at 650*C plus re- 
peated annealing at 538*C after each fatigue cycle. 

The total number of AE counts was quite high and was in the range of 
2.6 X 10® to 9.2 X 10®, as shown in Table V. The distribution of the counts 
was the following: the elastic part of the fatigue cycle produced 75% of the 

total, and the inelastic contribution was 25%. This distribution changed 
little after the first cycle, which produced only a small percentage (3% to 
18%) of the total AE counts in contrast to the cold worked sample results. 
During the first cycle, the ys. time curve showed a smooth increase at 
the yielding due to the continuous type emissions. The increase over the 
background level was from 0.1 /iV in the case of Alloy V and up to 0.5 |iV in 
the case of Alloy III. A small number of spikes were superimposed, as shown 
in Fig. 7a. In the subsequent loading cycles, the contribution from continuous 
type emissions was reduced to less than 0.08 mV in Alloy III and even lower 
in other alloys. In contrast, the magnitude of the burst spikes became quite 
large, i.e., over several mV above the background level. The magnitude of 
the spikes was reduced beyond several cycles to the level of bursts often 
seen at the first cycle of the cold worked speimens, and with the exception 
of Alloy III, the contribution from continuous type emissions was absent on 
the Vr vs. time curve. The number of observed AE counts per cycle increased 
for the initial several cycles as shown in Fig. 7b, but beyond the middle of 
the test it started to decline gradually as indicated in Fig. 7c. The small 
spikes seen in Fig. 7a both in the early portion of elastic part and the un- 
loading part can be attributed to extraneous noise from the loading system 
present in each cycle. These are due to the removal and remounting of the 
specimen grips for annealing between each fatigue cycle, although the 
specimen itself was not removed from the grips. The large spikes, although 
originating from the elastic state are believed to be intrinsic AE signals 
and are likely to be a product of the intergranular cracking (see Section 
4.2). Those spikes may also be due to the fracture of oxide particles as 
the surface cracks began to open. The oxide particles (or films) can be 
formed at the tip of the cracks during the heat treatments. 

Effect of the heat treatments on the mechanical properties is indicated 
in Fig. 7c. The recovery of the flow stress and low strain hardening rates can 
be seen. 


b. Alloy IV 

One specimen, IV-Tl , of this alloy was tested in the repeatedly 
annealed condition. Judging from the total number of AE counts of 
5.4 X 10®, this alloy was within the range of the rest of the alloys for this 
condition. However, its behavior was quite different. Over 50% of the total 
AE counts were generated during the first cycle. The distribution of the AE 
counts was the following: 61% resulting from the elastic part and 35% from 
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the inelastic part. This distribution changed very little after the first 
cycle. 65% of the AE counts were generated in the elastic part and 31% in 
the inelastic part, as shown in Table V. The first cycle produced most of 
the AE counts, after which the number of AE counts per cycle tended to de- 
crease although some cycles deviated from this pattern. The rms voltage of 
the AE signal was mainly of the burst type with most spikes being in the 
elastic part. The number and magnitude of these spikes was declining as the 
cycling continued. The amount of continuous emissions on the vs. time 
curve was small, less than 0.05 /iV and was present during the first three 
cycles only. This alloy sample was annealed similarly to the other alloys, 
but showed only a partial softening. This was also reflected in the stress- 
strain curve, exhibiting only a partial recovery of the yield strength. These 
results suggest that the observed AE activities for Specimen IV-Tl consist 
mostly of extraneous origins. In particular, the large number of bursts in 
the first cycle appear to be suspicious, because primarily plastic deformation 
occurred during this loading cycle. As no surface crack appeared and fatigue 
crack propagation was minimal, only continuous type emissions should have been 
observed in the first cycle. The fractographic observation also revealed no 
significant change from those of the cold worked condition of this alloy. 

Thus, further efforts to clarify annealing effects on AE characteristics of 
Alloy IV will be required. 
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V. 


DISCUSSIONS 


The Nature of AE Signals 


In order to assess the significance of AE test results, recorded AE 
signals from several Alloy III samples were evaluated in detail by the 
observation of wave forms and frequency spectrum analysis. A video tape 
recorder was primarily used for this study. The following specimens were 
employed: III-9, III-N2, III-N3, III-Tl, III-NT2, III-S2 and a couple of 

smooth tensile specimens of this alloy. 


Observed wave forms of burst type AE signals were quite varied, but 
could be broadly classified into seven types. In Figs. 9 to 16, typical 
examples of the wave forms are shown together with the corresponding 
frequency spectra. 


A -type: a clipped, high amplitude burst with a short rise time 

and a decay time of approximately 1 msec (Fig. 9). 

B -type: a large peak amplitude burst similar to A-type, but no 

clipping (Figs. 10 and 11 ). 

C -type: a moderately strong peak with a rise time of approximately 

100 //sec, followed by a series of smaller peaks over 0.5 to 
1 msec. No exponential decay pattern (Fig. 12). 

D -type: a short duration (0.5 msec), low to medium amplitude burst, 

which is intermediate between B- and C-types (Fig. 13), 

E -type: a short burst signal lasting less than 100 //sec (Fig. 9). 

E'-type: an E-type burst, but its amplitude is low and is impossible 

to clearly distinguish from the continuous type signal or 
the background noise (Fig. 14). 

F -type: a group of numerous low amplitude bursts occurring over 2 to 

3 msec (Fig. 15). 

G -type: a slow rising and decaying burst lasting 1 to 2 msec with 

several peaks and crests (Fig. 16). 

Distinction between different type signals was often not clear; especially 
among B-, C- and D-types. A-type signals were presumably of the same origin 
as B-type bursts, except for the peak amplitude. While it was not possible 
to positively identify the source of a particular type burst, the most likely 
mechanism of AE generation can be deduced from a specific test condition. 

F- and G-types can be attributed to extraneous noise sources; the former was 
observed coinciding with the switching of tensile testing machine. Con- 
sequently, an electrical spark can be suspected, although the regular AE 
transducer (AC 375) was much less sensitive to such an interface because of 
differential circuit employed. The latter appears to be a mechanical noise 
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because this type was observed, albeit infrequently and irregularly, during 
the yielding of annealed samples where mostly continuous type signals were 
present. The slow rise time also suggests a long travel time of the burst 
signal from the source to a transducer, possibily. from the ball joint of a 
grip. Burst signals of A-type were associated with the slipping in a grip 
during one of the tests, in which the particular sample had failed within the 
grip. Such signals were also found at the lower stress levels of the first 
fatigue cycle, again suggesting the grip area to be the likeliest noise 
source. 


In order to gain better understanding of the AE sources, all the 
burst signals found during the tests of Specimen III-N2 and III-NT2 were 
evaluated visually, and classified. The results are shown in Figs. 17 and 
18, respectively. In the cold worked condition, the first cycle was most 
active from the observation of curve (see Fig. 5a). Actual observation of 
recorded signals was consistent with this expectation. As Fig. 17 indicates, 
11 bursts with more than one-half to be A- and B-types were observed in the 
stress range of up to 20 kg/mm^. The higher stress elastic range (21 to 
35 kg/tim^) showed the highest burst activities. Most of the burst signals 
were D- and E-types. This range, however, showed only a few spikes in the 
V vs. time plot (Fig. 5a). As strain increased rapidly, and the crack 
started to.propagate at a higher stress range (36-38 kg/mm ), a smooth in- 
crease in Vr was noted, but the number of burst signals was reduced sig- 
nificantly. During the second cycle, only two bursts were observed, but the 
number Qf~E^vpe-burst— s-i-anaT-s— incpe^sed-tO-5j^6 i n the third and fourt h 
cycles. Both E- and E'-type bursts became still higher in the subsequent 
cycles. Besults from Specimen III-NT2 were different, as one may expect 
from the tr vs. time curve for this condition (Fig. 6a). Although the 
observed vs. time curve exhibited little evidence of burst signals, a 

moderate number of burst signals was noticed as. can be seen in Fig. 18. 

Again, A- and B-types were found at an earlier stage, while E-type was 
dominant in the third through fifth cycles. The burst activities were low 
between the seventh and fourteenth cycles, but E-type became quite active 
once crack propagation started to occur at the fourteenth cycle. In this 
portion, smaller amplitude burst signals of E'-type were also quite active. 
However, the number of these signals was impossible to determine -and was not 
counted. 

Since E- and E' -types have been observed during both plastic deforma- 
tion and crack propagation, these signals are concluded to be intrinsic AE 
signals. Since dislocation glide and void coalescence cannot be expected 
to produce such a burst signal, it is likely that the cracking of a second- 
phase particle, say, zirconium oxide, is the source of the observed AE burst. 
Fractographic observations on Alloy III also lend support to this interpre- 
tation. 


Another observation provides a strong confirmation of the AE generation 
mechanism via particle cracking. When Specimen III-S2 was deformed, strong 
burst signals of B-type were detected without any sign of crack initiation. 
Since only plastic deformation occurred, the source of the burst signals 
again must be sought from the cracking of second-phase particles. As this 
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specimen material was the softest among the four alloys tested, it is expected 
that the second phase particles were quite coarse, explaining the magnitude of 
the burst signals. It is not clear, however, why the exponential decay 
pattern arises for B- (or A-) type, but not for E-type, even when the peak 
amplitudes were comparable. 

At present, C- and D-type burst signals cannot be correlated to 
specific mechanisms, although these also appear to be intrinsic AE signals. 

In the case of C-type burst, more than one physical process may result in the 
observed wave form. Particle cracking followed either by shearing or by 
normal rupture via equiaxed dimple formation can be possible AE generation 
mechanisms for the C-type signal. 

During careful examination of recorded AE signals, it was noted that 
some continuous type signals differ from usual random noise. The wave form 
is not a suitable means to characterize such a quasi -continuous signal. An 
example is shown in Fig. 19. While the wave form is little different from 
white noise, the accompanying frequency spectrum clearly shows the presence 
of resonances at 40 and 100 kHz. The physical meaning of these quasi- 
continuous AE signals is not known at present. 

5.2 Frequency Spectrum Analysis 

Because of low AE signal levels in all the tests, the frequency spec- 
trum analysis method used in our previous studies (ref. 3, 25, 26) produced no 
detectable change in the frequency spectrum compared to the spectrum of the 
background, which is shown in Fig. 20a. Note that the transducer resonance 
at 470 kHz is excited by mechanical noise in the specimen or by resonating 
the preamplifier imput circuit. Subsequently, the method was modified, in 
which a short segment of the AE signal was fed repeatedly to the correlation 
' analyzer through a gated amplifier, effectively enhancing the desired signal. 
Results of frequency spectrum analyses are shown with the corresponding 
wave forms in Figs. 9 through 16 and in Fig. 19. 

Generally, low frequency resonances below 100 kHz were present.- A 
weak and broad transducer resonance exists at 440-500 kHz, with the peak 
frequency of approximately 470 kHz. The transducer resonance peak was not 
always detected. Except for these resonances, observed frequency spectra 
exhibited nearly flat response. The strongest resonance peak was observed 
most often at 38-40 kHz. Peaks were also found at 20-25 kHz, 57-60 kHz, 

78-82 kHz, 90-100 kHz as well as at 110-120 kHz. The wave form and frequency 
spectrum of a burst signal in Fig. 11 were obtained by recording the signal in 
an instrumentation tape recorder, reproducing it at one-quarter of the 
original tape speed and re-recording on a video tape recorder. Thus, the 
frequency range of 0-2 MHz was obtained. The strongest peak in this case was 
the transducer resonance peak at 470 kHz. A group of peaks at the 700-1000 
kHz frequency range was also detected. 

These low frequency resonance peaks appear to be produced by specimen 
resonances. While no theoretical analysis of the waves existing in the 
specimen is available, resonance frequencies can be estimated on the basis of 
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probable standing wave modes for the extensional and Lamb waves (ref. 26, 27). 
Using the data of copper ,the extensional wave velocity is 3.71 x 10® cm/sec 
and the shear wave velocity is 2.26 x 10® cm/sec, respectively. The 
principal specimen dimensions are: 9.1. cm between grips, -1.9cm width, 

1.3 cm gauge section width and length and 0.16 cm thickness. Obviously, 
the thickness resonance occurs at frequencies close to 1 MHz and cannot 
produce the observed peaks. One of the plausible origins of the resonances 
is the extensional wave resonances along the specimen length, which occur at 
(3.71 X 10®)/ (2 X 9.1) = 20.3 kHz and at its harmonics. These can be excited 
by a sudden extension of a specimen via rupture and particle cracking. Thus, 
these appear to be responsible for the strong peak near 40 kHz as well as the 
peaks at 20, 60, 80 and 100 kHz. Because of a high-pass filter cutoff 
frequency of 30 kHz, the peak amplitude at 20 kHz' is expected to be lower. 

When the strongest peak occurs near 80 or 100 kHz, however, the above 
explanation becomes untenable. This is due to the fact that 
lower: harmonics are expected to produce larger displacements, resulting in 
higher transducer output. When a strong peak is found near 100 kHz, this 
may be related to the resonance of extensional waves at the specimen width or 
the gauge section length, which is expected at 97 kHz for the resonating 
length of 1.9 cm. A similar resonance may also exist at 146 kHz due to the 
gauge section width of 1.3 cm. Since the transducer used in this study 
detects the surface displacement normal to the broad face of the sample, it 
is not clear whether these resonances can be detected efficiently with the 
present configuration. However, other probable resonance modes are less 
-attraot+ve-; — FoF-examp-l.e-.-shear-way-e_res onances have the fund amental 

frequencies of 89, 59 and 12.4 kHz corresponding to the resonatiTTg Iengt1i~0f 

1.3, 1.9 and 9.1 cm, respectively. It is more difficult to reconcile the 
observed results with these predictions. 

In order to evaluate the mode of transducer excitation and the nature 
of AE signals, the frequency spectra were determined by exciting a specimen 
mounted in grips with a highly damped compression mode transducer for the 
ultrasonic pulse-echo flaw detection (Branson Type ZIOIC 5.0 MHz, 1.3 cm). 

This was excited by amplified random noise at 5Vnns. band-limited to 0.02-5 MHz. 
Frequency spectrum shown in Fig. 20b was obtained by coupling the 5 MHz trans- 
ducer on the specimen surface at the center of gauge section. This spectrum 
shows several strong peaks in the 150-300 kHz can also be recognized. The 
peaks at 100, 150 and 300 kHz are likely to be related to the width resonances 
discussed above. The power density in the low frequency range below 100 kHz 
was low, indicating that the observed AE signals from fatigue tests were not 
excited by the displacement normal to the sample surface. When the specimen 
was excited from one end along the specimen length direction, keeping the 
distance between the grips at 9.1 cm, the resultant frequency spectrum had 
stronger low frequency peaks as shown in Fig. 20c. The peaks at 100 kHz were 
the strongest, but peaks at 40, 60 and 82 kHz were also present. Numerous 
peaks were also observed at higher frequencies, especially between 180 and 
340 kHz, and at 420, 465 and 480 kHz. The presence of the low frequency 
peaks similar to those observed in the fatigue tests suggests that the length- 
wise propagation of extensional wave is indeed responsible for the resonance 
characteristics detected. In still another series of tests, random shear 
waves travelling along the specimen length direction inclined 45° to the 
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specimen surface were generated. For this purpose, an ultrasonic transducer 
with a built-in plastic wedge (Automation Industries SMZ 2.25 MHz) was used. 
This transducer was placed at 6.5 cm from the regular position of the wide- 
band AE transducer. In addition to strong power density' in the 200-310 kHz 
range, a strong peak at 80 kHz as well as peaks at 100 and 125 kHz were found. 
Thus, the strong peak at 82 kHz found in Fig. 12 can be related to shear 
waves generated during crack propagation. 

These results with random wave excitation further support our conten- 
tion that the significant variations in the observed frequency spectra of AE 
signals are primarily related to sample resonances. It also demonstrates 
that the mode of AE waves is an important parameter in total characterization 
of AE signals. 


5.3 Amplitude Distribution Analysis 

The AE signals recorded during testing of several Alloy III samples 
were repeatedly processed through a signal processor, each time with a 
different threshold voltage setting. Both automatic and manual modes of 
Model 201 Signal Processor were utilized. This analysis technique provides 
the cumulative amplitude distribution function defined as the number 

of counts measured with a threshold value V^, for a particular segment of AE 
testing. can also be expressed in terms of count rate, when the duration 
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Nn * Np*ng (ref. 3, 28). Since the number of AE events in any of the 
present tests has been small, as discussed previously, no statistically mean- 
ingful analysis of N is possible from our determination of Nq. However, the 
characteristic mixtures of continuous and burst type AE signals have been 


reflected in the observed Nq - 
utilized in future AE application 


relationships, which may possibly be 
s for nondestructive testing. 


Typical results of the present amplitude distribution analysis are 
shown in Figs. 21 and 22. In Fig. 21, the average AE count rates during the 
initial yielding portion of an unnotched tensile specimen of Alloy III are 
plotted against relative threshold voltage. This plot is fully logarithmic 
and the straight line portions represent the following power relation: 

N = B where B and c are constants. Note that c is proportional to the 
slope and that Vt is given in dB scale, so that, 20 dB corresponds to a factor 
of 10 change in Vt. Four different test conditions were utilized, combining 
two types of trans:aucers (wideband and AC 375) and automatic and manual 
threshold modes. All the four curves show a straight line portion with c 
of 5.5 to 15 and a deviation at greater values to a lower value of c 
(approaching 1.5). With the use of a more sensitive resonant sensor (AC 375), 
identical AE counts were observed with Vt setting of 11 to 12 dB higher. The 
c value was affected little by the type of transducer. The automatic threshold 
mode produced the identical AE counts in the signal processor at Mf set 
5 to 8 dB lower in comparison to the manual mode, reflecting the background 
subtraction in the auotmatic mode. The c values for the straight portion 
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with the automatic mode was less than one-half of those with the manual 
mode. This again is a consequence of the background subtraction that 
suppresses the AE counts when the signal level approaches that of the 
background level. Thus, the automatic threshold is not suited for the 
purpose of amplitude distribution analysis of AE signals. The automatic mode 
also tends to obscure the transition in c values. 

The observation of high c values in this case results from the con- 
tinuous type AE signals generated during the yielding of the unnotched 
tensile sample. Oscilloscope observations support this conclusion; further- 
more, this is also similar to previous findings by others. Hamstad and 
Mukherjee (ref. 29) reported that continuous AE signals during tensile 
testing of 7075-T6 AZ alloy produced AE count rates very sensitive to 
setting. A 2 dB change in Vt resulted in a 10 times change in AE count rates. 
This is equivalent to c = 10. Jax and Eisenblatter (ref. 30) reported an 
exponential dependence of AE count rates on V+ in tensile tests of several 
alloys. Although the type of dependency was different, observed AE count 
rates were sensitive to the Vt setting. 

Only a few burst type signals were observed on an oscilloscope. 

These burst signals, however, appear to produce the deviation from a 
straight line in Fig. 21 at higher values. 

^F4gure-22— shows-e.tfec.ts_of_V± on AE count rates during fatigue testing 

of Specimens III-N3 and III-NT2. The average courff^rate^for-a-given-fatigue — 
cycle is plotted aginst Vt- In the annealed sample (NT2), the c values 
were quite Targe (13~20) for the initial stage of the fatigue test (n=l,3), 
where the increase in Vy. was significant (see Fig. 6a) and mostly continuous 
type signals were observed. The deviation to lower c values was noted in 
the case of a wideband transducer, suggesting the presence of a few burst 
signals. Only the straight line portion was revealed in the test with an 
AC 375 transducer. This is probably due to a narrow range of Vt examined 
in the test. When the AE signals from the ^ final stage of the fatigue test 
were analyzed, much smaller slopes of the 1^ - Vt curves were found, correspond 
ing to c * 2.7-^ 4 with an AC 375 transducer. The results with the wideband 
transducer was similar to those of the initial stage, but the transition in 
the c values was more distinct. Considerable crack propagation occurred 
during these cycles of n = 15 and 16, any many burst signals of E-type (and 
E'-type) were observed. Similarly, the results from Specimen III-N3 indicate 
c of 2.2 for the first cycle and 3 to 6 for the second through the sixth 
cycles, as shown by the dotted lines in Fig. 22. (These and other c values 
are summarized in Table VII.) This specimen was in the cold worked condition 
and crack propagation started from the first cycle. Thus, the c values in the 
range of 2 to 6 can be attributed to burst-type AE signals, in particular, 

E- and E' -types and correlated to crack propagation in Alloy III, 

During the seventh and eighth cycles of the fatigue test of 
Specimen III-S2, numerous strong burst signals (B-type) were observed as 
noted earlier. These large burst signals resulted in the c values of 1 to 
1.8 (see Table VII). Consequently, the c values less than 2 can be 
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correlated to these strong signals with characteristic exponential decay 
pattern (see Fig. 10). Since mechanical noise also appears to contribute 
such a signal wave form as well as A- and C-types, the observation of low c 
values in other instances, such as in the smooth tensile specimen (c = 1 5 ) 
and in the first cycle of III-N2 and III-N3, can be attributed to the 
simultaneous detection of these Targe burst signals. 

Low c values due to burst AE signals have been reported previously. 
Pollack (ref. 31) reported the range of 0.4 to 2 for the peak amplitude 
distribution, while Brindley et al . (ref. 28) measured the value of 1.6 for AE 
signals due to the plastic zone growth in a low carbon steel fracture tough- 
ness sample. The latter authors also showed that c is expected to be 1.5 when 

dependence on Vt as Harris et al . originally suggested 
signals are of B-type. This further suggests 
that pe mam Vt dependence arises through ne rather than Nn. This accounts 
for the findings in Specimen III-S2. ^ 

Intermediate c values (3 — 7) may be, at least in part, due to mixing 
of the continuous type and burst type signals. However, these observations 
are closely related to the predominance of E- and E'-type AE signals, 
indicating that N« plays a major part in determining amplitude dependence. 

This type of burst signals is short (less than 0.3 msec) and has a steep rise 
and decay pattern. While no specific experimental analysis was performed, 
it is expected to produce n 0 that is less sensitive to Vt. Consequently, 
much of the observed Vt dependence must be borne by Nn. These observations 
are consistent with the expected AE generation mechanism for this kind of AE 
signals; namely, crack propagation via the second phase particle cracking and 
subsequent normal rupture of equiaxed dimples. No previous report of this AE 
behavior has been uncovered, but this finding is clearly beneficial for 
practical uses of AE methods. For example, usual AE source location schemes 
cannot identify the wave form of an AE signal. However, the amplitude dis- 
tribution analysis that can be incorporated in the source location program can 
provide the information, which can subsequently be correlated to a specific AE 
generation mechanism. 


5.4 Sources of AE Signals 

The detailed evaluation of AE signals from Alloy III presented in 
the preceding sections shows that several distinct types of AE signals are 
generated during cyclic loading of notched specimens. These include: 
a) extraneous noise from electronic and mechanical sources, b) continuous type 
signals from the yielding and plastic flow, c) burst signals from crack 
propagation, and d) the closure of a crack. The extraneous noises were 
produced at the grips, the loading train and electrical switching and resulted 
A?/"’ rr' r ^-type burst signals. In the cold worked condition of 
Alloys II, IV and V, these noises dominated the AE signals observed, 
especially during the first loading cycle. Since the maximum load during 
subsequent loading cycles was lower than that reached in the first cycle, 
these noise sources no longer affected significantly the AE characteristics 
of the succeeding cycles. In these materials, except Alloy V crack propagation 
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produced negligible AE responses. This behavior can be traced to their 
fracture modes. In Alloys II and V, the predominant mode of fracture was 
shearing with occasional particle cracking. Since the shearing is merely 
the advanced stage of plastic deformation, the lack of AE is expected. In 
Alloy IV, very fine dimples were found on the fracture surfaces. No visible 
particle can be identified. Again, low AE activities are expected. In 
Alloy V, however, some fractured particles were found in the SEM observations 
suggesting that these provided AE signal sources. 

As previously described in detail, the first cycle of the fatigue test 
of a cold worked Alloy III sample produced numerous bursts of extraneous origin. 
However, E-type signals were also present as plastic deformation became 
extensive. These appear to arise from the cracking of second phase particles 
within the plastic zone ahead of the notch. The continuous signals observed 
throughout the inelastic parts of the fatigue test can be expected from the 
plastic deformation. Numerous E- and E'-type burst signals, which were 
detected as a crack started to propagate, can be reasonably attributed to the 
fracture of second phase particles on the fracture surface, that leads to 
dimple rupture. Since the observed high power density of C-type signals at 
80 kHz coincides with the strong peak due to shear eave excitation, shearing on 
the fracture surface, which was inclined approximately 45° to the specimen 
surface, can be a source of the C-type signals. The shearing can possibly 
account for the trailing portion of a C-type burst, while the initial high 
burst is triggered by a cracking particle as in the case of E-type emission. 


The main change in the AE behavior of annealed samples is the hi^h 
levels of continuous type AE signals at the early stages of fatigue tests. 
Again, this is due to the development of a plastic zone. Burst signals that 
appear to be extraneous noise were observed in the first two cycles. E-type 
burst signals presumed to be produced by particle cracking became more 
numerous beyond the third cycle, Crack propagation in the annealed Alloy III 
samples produced AE signals similar to those found in the cold worked samples. 
It is also significant to note that different annealing conditions produce 
vastly different AE characteristics. The heat treatment of the Alloy III 
plate stock is not known, but, because of its low yield strength and hardness 
values, this material must have received high temperature annealing treat- 
ment (well above 650°C). In this condition, therefore, it is natural to expect 
coarser zirconium oxide particles, of which cracking during plastic deforma- 
tion is apparently the origin of strong B-type burst signals. A transmission 
electron microscopic study may provide a direct evidence, of this process. 

SEM fractographs have revealed no direct indication for this source, which 
has probably taken place internally. 

In most of the cases discussed above, AE from crack closure was in- 
significant. This is in a marked contrast to the findings during high cycle 
fatigue tests, in which the friction of the fracture surfaces is the princi- 
pal source of AE signals (ref. 16b, 21b). This difference is due to the high 
strain amplitude employed in the present study. Since extensive plastic .de- 
formation produced a large crack tip opening displacement, unloading was 
expected to allow only a small fracture area to close. 
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Repeated annealing between fatigue cycles produced numerous burst type 
signals in Alloys II, III and V. Similar burst signals in Alloy IV samples 
of this condition appear to be extraneous as described previously. It is 
important to note that the number of burst signals during the first cycle 
was comparable to other conditions. The burst signals in the repeatedly 
annealed conditions were much more numerous and stronger than those arising 
from the extraneous noise from grips or loading mechanisms. Besides, the 
extraneous noise cannot be expected to become more numerous during the 
second cycle, when the applied load is less than that reached during the 
first cycle. The burst signals after repeated annealing were primarily 
generated in the elastic part, in particular, the upper half portion. This 
coincided with the initiation of surface cracks within the plastic zone that 
had been produced by the first loading. As the SEM fratographs demonstrated 
earlier (Photo 10), these surface cracks were intergranular cracks. It is, 
thus, reasonable to conclude that the burst signals were produced by the 
intergranular cracking, since a sudden normal rupture at grain boundaries 
is expected to produce an AE burst. Since very fine dimples were found at 
the fractured grain boundaries (Photo 10c), the fracture was likely to have 
occurred in the grain immediately adjacent to the grain boundaries. This 
change in the fracture mode can be a consequence of strain induced precipita- 
tion, which strengthened the grains relative to the grain boundaries. Other 
AE sources discussed in other conditions of Alloy III samples are expected 
to operate in this condition as well, but their contributions to the total 
AE characteristics are negligibly small. 

5 . 5 Metal 1 urgi cal Probl ems 

As revealed by repeated annealing experiments, zirconium containing 
copper alloys. Alloys II, III and V, are susceptible to embrittlement at 
grain boundaries following plastic deformation and subsequent annealing. Since 
the hardness of the repeatedly annealed samples sometimes was higher than the 
initial condition (Table I), the precipitation of zirconium rich phase at 
dislocations can be expected. Microstructural studies of these alloys are 
limited (ref. 33), so that the nature of the observed grain boundary 
embrittlement cannot be established. Weakening at precipitate free zones 
near grain boundaries (ref. 34) can be a possible cause. 

Another potential problem in these zirconium containing alloys is the 
formation of blisters. Although no systematic attempt has been made in the 
present study for its cause, the presence of rolling defects and hydrogen 
absorption during annealing appear to be required conditions for the blister- 
ing. Thus, proposed uses of these alloys must evaluate the fabrication 
processes and operation conditions carefully to avoid possible damages due 
to the blister formation. 

In Alloy III, the present study has uncovered a high degree of material 
variability, including the difference in the yield strength, susceptibility 
to cracking via rolling and crack propagation characteristics. Two starting 
materials of Alloy III produced quite different annealing responses. When 
cold rolled sheets were annealed at 650°C for 10 min., the specimen produced 
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from the sheet stock (received in 37% cold rolled condition) had the notch 
yield strength of 18.4 kg/mm^. On the other hand, the annealed specimen 
prepared from the plate stock and given a 37% cold rolling had the 

corresponding quantity of 10.3 kg/mm^. The latter was similar to the notch 

yield strength of the as-received plate. Possible sources of such strength 
variations may be the state of zirconium additions within the microstructures. 
Since this element can strengthen the matrix via precipitation and can com- 
bine with interstitial impurity atoms such as oxygen and hydrogen, it is 
understandable that prior thermal -mechanical history has a strong influence 
on the mechanical properties. The tendency of cracking during cold rolling 

may be traced to rolling practices, but the presence of second phase 

particles can also be crucial. The large variation in crack propagation 
rates observed in this study appears to be a consequence of rolling defects. 
Practical effects of such a variation are detrimental; thus, the rolling 
defects must be completely eliminated either by changes in rolling practices 
or by effective nondestructive evaluation procedures. It appears that 
microstructural studies of Alloy III are essential in order to clarify the 
origins of these degrading effects and to avoid any future problems arising 
from these effects. 

5.6 Recommendations 

1. The observed AE characteristics of cold worked Alloy III and possibly 
-A-l-l-oy-V-,-appeac-tO-jD.n o.vide the basis o f developing nondestructive testing 
methods via AE techniques. The signal 1 eve I s from cra'c1<~pT^opaga ti on— are-onT-y— 
moderate, so that transducer spacings and detection threshold levels must be 
adjusted to obtain the highest sensitivity feasible. Developmental studies of 
establishing an AE source location scheme will be required. In the case of 
repeatedly annealed materials that emit numerous strong burst signals, the 
presently available equipment for the AE source location can be utilized 
without much difficulty. Annealed materials produce continuous-type AE 
signals during initial plastic deformation. While reasonable intensities 

of AE signals are produced, it is expected that AE signals may be generated 
from numerous non-critical sources of a structure under test. The determina- 
tion of the region where crack propagation occurs may become impossible, 
when plastic deformation is expected over a large area of the structure. 

Again, a feasibility study should be undertaken for this initial material 
condition. 

2. While zirconium containing copper alloys have been used in many 
applications, few detailed metallurgical studies have been performed. Since 
the proposed use of these materials, among which Alloy III appears to be 
favored, imposes severe thermal and mechanical environments, further under- 
standing of physical metallurgy of these materials is essential. 

Specifically, the strength levels of Alloy III are sensitive to prior 
thermal and mechanical history and the microstructural optimization should 
ifriprove its performance without much added cost. Another critical effect 
discovered in this investigation is the development of intergranular cracking 
via combined influence of plastic deformation and annealing. While numerous 
AE signals are emitted by such a cracking, fatigue resistance is no doubt 
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decreased. Fatigue tests with temperature cycling should be undertaken in 
order to evaluate possible degradation of crack propagation characteristics. 
At the same time,- transmission electron microscopic studies of the behavior 
of zirconium-containing phases in these alloys are essential for the clarif- 
ication of potentially serious material problems. The role of the second 
phase particles in the generation of AE signals also requires further 
investigation. 

3. While this study has not touched upon the AE characteristics of 
bonding layers and electroformed materials, these should be examined 
together with their fatigue behavior. The attenuation of ultrasonic waves 
in these and sheet materials should also be clarified. 
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VI. 


SUMMARY OF RESULTS AND CONCLUSIONS 


6.1 Summary of Results 

This study has determined the AE characteristics of five copper base 
alloys under low-cycle fatigue conditions. The alloys tested were the 
following; pure copper, zirconium-copper, NARloy-Z, Glid Cop M 10, and 
NASA 1-1. Pure copper was eliminated after the preliminary stage, which 
showed that only a low number of AE counts was produced during the test. 

The specimen geometry was of the SEN type, and three different loading 
conditions with the strain amplitude of 1 to 2%, were used. All alloys 
were tested in the cold worked and repeatedly annealed conditions. Alloy. Ill 
(NARloy-Z) was also tested in the annealed condition. The AE signal was 
detected by a resonance type transducer. The rms voltage of the signal and 
the AE counts were determined. 

The AE results of various alloys tested in the cold worked condition 
can be generally divided into two groups, the first including Alloys II, IV 
and V, and the second Alloy III. The former did not produce much AE activities. 
The rms voltage of the AE signal was evident only during the first cycle, 
and beyond this cycle the rms values were at the background level, except 
for occasional spikes resulting mainly from extraneous noise. The total 
number of the AE counts was in the range of 10^ to 10** with most counts 
gpnprally Qrigim'tiiig~from^the-el-as^ic-Dajgt--Oji_th e first cyc lj and very few 
counts resulting from the inelastic part that corresponds to the craclTprop^ 
agation. In the case of Alloy V, however, some indications of crack. prop- 
agation were detected by AE counts. 

In the case of the cold worked Alloy III, the rms voltage of the AE 
signal was mainly of the burst type during the first cycle and the sub- 
sequent cycles had showed a small increase above background due to the 
continuous type AE counts during the inelastic stage of each cycle. The 
number of the AE counts was high during the first cycle as in the other 
alloys, but beyond the first cycle, most AE counts resulted from the 
inelastic part, thus providing a very clear indication of the crack 
propagation process. In all these tests, the overall AE counts and rms 
voltages were not significantly affected by changes in the strain rates and 
strain amplitudes. 

Alloy III was also tested in the annealed condition. This testing 
involved two types of specimens, i.e., standard size specimens annealed from 
the as-received cold worked condition and 40% thicker specimens machined 
from the plate stock in the soft as-received condition. In the case of the 
standard sized specimens the total number of AE counts was of the order of 
10^, over 90% of which originated during the inelastic part. This 
distribution remained essentially unchanged throughout the test. The rms 
voltage of the AE signal show a large amount of continuous type emissions 
during the first four cycles. When the specimen reached the highest stress 
of the test and a crack started to propagate, the general appearance of the 
AE results was very similar to those obtained in the cold worked condition 
for this alloy. The thick specimens had generated a much larger number of 
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AE counts of the order of 10®, most of which were strong burst type signals 
generated during the development of a plastic zone. Both types have 
demonstrated a good indication of the plastic deformation process as well 
as crack propagation process in terms of the measured AE variables. 

When tested in the repeatedly annealed condition, the specimen was 
initially annealed at 650°C for 10 min. in an H 2 atmosphere and then re- 
annealed at 538®C between each fatigue cycle. All alloys tested except 
Alloy IV showed similar results; i.e., very large number of AE counts 
throughout the test. Many strong burst type AE signals were observed along 
with a large number of surface cracks that have been identified as intergranular 
cracks. Most. AE counts (80% of the total) originated at the elastic part with 
no significant contribution from the first cycle. 

Recorded AE signals from several Alloy III samples were analyzed in 
detail by the observation of wave forms, frequency spectrum, and amplitude 
distribution analysis. Observed wave forms were classified into seven 
types of burst emissions, quasi -continuous and continuous types. The 
continuous type was basically produced by plastic deformation, during which 
E'type bursts were also observed. These bursts were correlated to the 
cracking of second phase particles. Several types of burst signals were 
produced by extraneous noise. Large burst signals from thick annealed samples 
were interpreted to be due to the cracking of second phase particles. E- 
and E' -types were also found at later stages of a fatigue test and were 
correlated to crack propagation, in which the fracture of second phase 
particles and subsequent dimple rupture occurred and generated these AE 
signals. 

Frequency spectrum analysis of a short segment of AE signals was 
performed using a video type recorder and correlation analysis equipment. 

Results basically showed various sample resonances. No significant variation 
due to different AE signals was detected, although comparisons with the 
results of random wave excitation provided certain clues for the origins 
of observed signals and their spectrum. 

Amplitude distribution analysis indicated that dependencies of AE 
count rate on the threshold voltage can be classified into three types: 
low, intermediate and high. The low dependencies were associated with 
burst signals having a typical exponential decay pattern, while the high 
dependencies were associated with continuous type signals. The 
intermediate dependencies were observed with AE signals having E- and E'-types 
generated during crack propagation. The amplitude distribution analysis, 
thus, can be utilized in the discrimination of different AE sources. 


6.2 Conclusions 

1. The AE characteristics of five copper alloys being considered 
for a possible use in thrust chamber walls have been evaluated under low-cycle 
fatigue conditions. In the cold worked condition, crack propagation in 
NARloy-Z produces AE signals that can be utilized for its detection. 
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In other alloys, with a possible exception of NASA 1-1, AE signals are too 
weak to reliably detect the propagation of a crack. 

2. A sample of annealed alloys produces continuous type AE signals 
at the beginning of a fatigue test. However, as the sample work-hardens, 
the AE behavior becomes similar to that of a cold worked sample. 

3. When a sample of zirconium containing alloys is annealed 
repeatedly after each fatigue loading cycle, numerous surface cracks are 
produced during the subsequent fatigue cycle, emitting strong burst type AE 
signals. 

4. While frequency spectrum analysis of the AE signals does not 
readily identify the type of AE signals or their origins, amplitude 
distribution analysis exhibits responses that are characteristic of certain 
types of AE signals. The latter can be incorporated in nondestructive 
evaluation schemes of thrust chambers using AE techniques. 
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THICKNESS : 1.6 mm 
ALL DIMENSIONS IN mm. 

Figure 1 Test sample geometry 




Figure 2 Block Diagram of Test Equipment 














Fig. 3 Crack growth as a function of inelastic strain 
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AE test data during the initial four loading cycles of Specimen 
No. III-T2 (repeatedly annealed, 2 % strain amplitude), a) Stresj 
an d rms vol tages vs. time 
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Fig. 7(b) Strain and AE counts vs. time 
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Fig, 7(c) Stress and AE counts vs. strain 
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AE test data during the 5th to 9th cycles of Specimen No. III-S2 
(annealed, 2 % strain amplitude), showing stress and rms voltages 
vs. time plots. 
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Fig. 10 Wave forms of B-type burst signals and the frequency spectrum for 
the 10 msec segment of the AE signals, originated during the eighth 
cycle of Specimen III-S2. 
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CHz) 

Fig. 11 Wave form and frequency spectrum of re-recorded signals, obtained at 
the same region as Fig. 10. Note the frequency range was extended to 
2 MHz. 
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Fig. 12 Wave form of a C-type burst signal and the frequency spectrum for 

the 5 msec segment of the AE signals, produced during the first cycle 
of Specimen III-N3. 
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Fig. 13 Wave form of a D-type burst and the frequency spectrum for the 

5 msec segment shown, taken from the first cycle of Specimen III-N3. 
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Fig. 14 Wave form of E' -type burst signals and the frequency spectrum for the 
7 msec segment of the AE signals shown, produced during the fourth 
cycle of Specimen III-9. 
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Fig. 15 Wave form of an F-type burst signal and the frequency spectrum for 
the 5 msec segment from the end of the third cycle of III-N3. 
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Fig. 16 Wave form of a G-type signal and the frequency spectrum of the 

9.5 msec portion of the AE signals shown, taken from the yielding 
portion of a notched tensile test of an Alloy III sample. 
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Fig. 19 Wave form and the frequency spectrum of quasi -continuous type AE 
signals, obtained during the first cycle of III-N3. The 5 msec 
segment was analyzed for the frequency spectrum. 
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Fig. 20 Frequency spectrum resulting from random signal excitation using 
a wideband transducer, a) background excitation with the trans- 
ducer mounted on a specimen, b) excitation by a 5 MHz transducer 
normal to the specimen surface, c) excitation by a 5 MHz transducer 
along the specimen length direction, d) shear wave excitation by a 
2.25 MHz angle beam transducer. 
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Fig. 21 AE count rate vs. relative threshold voltage for a smooth tensile 
sample during its initial yielding. Manual and automatic counting 
modes were used together with AC 375 and wideband transducers. 
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Photo 1 a) Test set-up with AE transducers and a clip gage, 
b) Specimen grips and ball joints. 






[b] 


0.1 mm 


Photo 2 Blisters on the surface of annealed Alloy V specimen, a) lOX 
b) lOOX. 
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Photo 3 Surface crack pattern of Photo 4 Surface crack pattern 

Specimen No. V-T2 after of fractured 

three fatigue cycles. Specimen No. III-Tl 



Photo 5 



1 mm 


1 mm 


Surface crack pattern of Specimen No. III-T2 a) after nine 
cycles, b) after fracture. 
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[a] 



Photo 6 Macrophotographs of fractured samples a) cold worked condition, 
b) repeated annealed condition. 
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b) SPECIMEN II-3, 500X 


10/ira 


d) SPECIMEN V-2, lOOOX 


10 )im 


Photo 7 Scanning electron micrographs of fracture surfaces of cold 
worked Alloys II and V. Arrows indicate the direction of 
macroscopic crack propagation, a) Specimen II-5, 500X. 
b) Specimen II-3, 5O0y,c) Specimen V-P, SOX, d) Specimen V-2, 
lOOOX. 


c) SPECIMEN V-2, SOX 


a) SPECIMEN 1 1-5, 500X io>;m 
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a) SPECIMEN III-4, 5Q0X 


' 10 jjm 


c) SPECIMEN III-N2, 5Q0X 


10 m 



b) SPECIMEN I LI- 8 , 500X lO SPECIMEN IV-2, 2000X 5 ^^ 


Photo 8 Scanning electron micrographs of fracture surfaces of cold worked 
Alloys III and IV. Arrows indicate the direction of macroscopic 
crack propagation, a) Specimen 1 1 1-4, 500X, b) Specimen III-8, 
500X, c) Specimen III-N2, 500X, d) Specimen IV-2, 2000X. 
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CRACK PROPAGATION 



(a) SPECIMEN III-S2, 500x 



A 

CRACK PROPAGATION 


10 pm 


(b) SPECIMEN III-NT2, 500x 


Photo 9 Scanning electron microgeaphs of fracture surfaces of annealed 

Alloy III. a) Specimen III-S-2, 500X, b) Specimen III-NT2, 500X. 
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INTERGRANULAR REGION SHEAR REGION EQUIAXED REGION 

Photo 10 Scanning electron micrograph of fracture surfaces of repeatedly 
annealed Alloy II and III. a) Specimen III-T2, BOX, b) and c) 
i nterqranul dr region, 500X 3nd 2000X, respectively, d) shear 
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TABLE II 


Tensile Test Data 


a. 

Tensile Properties 

of As-received Sheet Materials 

Smooth Samples* 




Materials 

Yield Strength 

Tensile Strength 

Elongation in 2t5cm 

I 

25.2 (kg/mm^) 

26.1 (kg/mm^) 

18% 

II 

33 

34.3. 

9:- 

III 

42.6 

44.5 

7 

IV 

44.3 

46.7 

8 

V 

30.7 

32.6 

13 

* Test results supplied by NASA Lewis Research Center 


Notched Samples 






. Notch-- - 


Materi al 

Notch Tensile Strength Sensitivity 

Elongation in 1.27cn 

II 

31.8 (kg/mm^) 0..93 

20.0(%) 

III 

: 4o:. z 

-0..90..^ 

13.4 

IV 

4a. 1 

Q.86-- 

15.6 

V 

3T.gf 

0.981 

28.0 

b. Tensile Properties of Annealed Sheet Materials 


Smooth Samples 

(Annealed at 650°C, 

10 min.) 


Materials 

Yi eTd Strength 

Tensile: Strength: ■; . 

" Elongation in 2.£ 

II 

25.2 

39.4- 

23.0 

in 

16.9 

39.4 

31.9 

IV 

34.2 

49.3 

21.9 

V** 

16.4 

31.7 

9.2 

** Failed 

at a pre-existing flaw 
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TAPLE III— Cont'd Fatigue Test Data 



00 VO CO CO 

00 00 00 00 


cr> oj Lf) uo 

CM Csi CV4 


r- r— av CM OO 

# • ► • • 

CM 00 f— f— 

r— 1—^ CO 




to 

m 

LO 

• 


« 

• ' 

ft 

LO 

to 

CO 

CO 

CO 

CO 

CO 

CM 

CM 

CM 



U> OCM^CMr-f— VO 
CM’ f— 00 


r-oor^r^^i«c>io^ 

to o r— 


to 

LO 

1—- 

CO 

O r— 


CO 

CM 

CO 

CD 

CD 

T— Ok 

00 

I—- 

CM 


00 

CO 

oc> 

to 

CO 



00 

CD 


o 


o 

CD 

C3^ 

CM 


CO 





CO 

CO 


<4. q- <+. <4- 

I— I— CM CM 


</l (/) CO VI 

CM CM CM CM 
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*As-received soft condition; 2.5mm thick specimen was used. 



table Ill.-Cont'd Fatigue Test Data 


LDOOl^OCOCMr^UD 


OOOp^OOCNiLOr^ OO 
^ to r— r— f— r* 


VO 


1— 

to 


VO 


oo 

VO 

to 

CO 

fJi. 

ct! 


CO 

CM 

CM 

CM 

CM 

CM 

CO 



CO 

00 

VO 

VO 

r— 

<n 

CT» 

• 

• 

• 

. #■ 



• 

• 

r— ■ 

CM 

f— ' 

CO 


r— " 

o 

<Ti 

CO 

CO 

CO 

CO 

CO 

CO 

CO 



t*-. if- 4 .. {/) C/) i /1 V> 

r— r— CVJ C\J CVJ CSi. C\J CM 



TABLE IV 


Summary of AE Count Data on Cold Worked Condition (1) 

Specimen 

No. 

* 

Loading 

Condition 

Total 

Counts 

Percentages of 
Elastic Inelastic Unload 

Total 
Count 
less 1st 

Percentages of 
Elastic Inelastic 

Unload 

Percentages of 
Counts In 1st cycle 

II-3 

(If) 

18213 

30 

62 

8 

1403 

28 

29 

44 

92.3 

4 

Of) 

4814 

84 

13 

3 

214 

25 

35 

40 

95.6 

7 

(2f) 

141680 

63 

31 

5 

36980 

72 

8 

20 

73.9 

9 

(2f) 

17586 

64 

36 

0 

3986 

88 

12 

0 

77.3 

5 

(2s) 

.1543 

24 

72 

4 

243 

50 

28 

22 

87.3 

6 

(2s) 

2485 

46 

49 

5 

285 

54 

24 

22 

88.5 

III-3 

(If) 

29331 

64 

34 

2 

8231 

31 

61 

8 

71.9 

4 

(If) 

9236 

65 

29 

5 

936 

5 

81 

14 

89.8 

7 ' 

(2f) 

34205 

69 

20 

11 

2900 

53 

38 

9 

91.3 

8 

(2f) 

15209 

63 

36 

1 

2789 

76 

23 

1 

81.7 

10 

(2f) 

5855 

20 

73 

7 

2647 

3 

96 

1 

54.9 

N3 

(2f) 

2325 

22 

77 

1 

695 

0 

99 

1 

70.0 

5 

(2s) 

9120 

18 

81 

1 

3400 

4 

93 

3 

62.7 

6 

(2s) 

21315 

9 

64 

27 

1315 

30 

44 

26 

93.8 

9 

(2s) 

3515 

7 

90 

3 

2040 . 

3 

95 

3 

42 

HZ 

(2s) 

9340 

22 

70 

8 

5890 

4 

93 

3 

57.6 

IV-3 

Of) 

27165 

68 

25 

7 

8915 

37 

49 

14 

67.2 

4 

(If) 

3928 

47 

39 

14 

2031 

27 

48 

25 

48.4 

6 

(2f) 

11241 

62 

30 

8 

2141 

22 

61 

17 

81,0 

7 

(2f) 

22816 

76 

22 

2 

1086 

76 

12 

12 

95.7 

2 

(2s) 

5596 

60 

32 

, 8 

1116 

12 

65 

23 

95,9 

5 

(2s) 

3701 

54 

40 

6 

151 

72 

13 

15 

80,1 

8 

(2s) 

1553 

60 

35 

5 

397 

7 

81 

12 

74.7 

V-3 

Of) 

6087 

19 

77 

4 

2037 

33 

59 

8 

66.6 

4 

Of) 

13143 

31 

66 

3 

3543 

30 

59 

13 

73.0 

6 

(2f) 

32615 

36 

12 

1 

4215 

75 

. 19 

6 

87.1 

7 

(2f) 

17154 

43 

54 

3 

2954 

49 

36 

13 

82.8 

10 

(2f) 

.5503 

54 

44 

1 

1909 

2 

95 

2 

65.5 

2 

(2s) 

878 

35 ' 

65 

0 

500 

0 

100 

0 

43.1 

5 

(2s) 

3922 

15 

81 

4 

472 

18 

61 

21 

88.0 

8 

(2$) 

5725 

11 

83 

6 

1115 

14 

76 

10 

80.5 

9 

(2s) 

4169 

73 

20 

7 

689 

26 

58 

16 

83.5 


72 



*o 




rC 

1 












O 

r— 

CSJ 

CO 


CM 

CO 

CO 

CM 

o> 

o 













1— 



c 

M- 

O 

U 

(/> *r- 

OJ 4-> 
CT) lO 
fd (d 













C\J 

V£> 

CO 

r— 


LO 

LO 

00 

cn 

a\ 



4J f— 
£ <U 
(U c 
u hh 
s- 
cu 

a. u 

CVJ 


CM 

CO 

CM 

(Ti 


cn 


00 
















-M 


CM 


CD 


CM 

CM 

o 

CM 

o 



t/> 


00 

rv 

CO 





r— • 




#o 













r— 













LU 












(/) 













C. 

-M 

o 








o 

o 


o 

O) 

I-* 












(/) f— 












<p 

I— -M (U 

X 








X 

X 


•r— 

<d C t/7 1 — 












-o 

3 </) O 

CVJ 

O 


LO 



CM 


r— » 

o 


C 

O O <U >i 

• 

• 

• 

• 

• 


O 

o 

• 

« 


o 

1— O I— U 

<T> 


CTi 

00 

00 

CO 

r— 


00 

CO 


o 

CO 

CM 


CM 


CM 

CM 

CO 

CM 



-o 













<u 


























fO 

T3 












<u 

rd. 












c 

o. 












c 



CO 

CM 


CM 

CO 

CM 



o 


< ' 

C. 










r— 


c 












> 

o 

4- 

O u 












rt3 












Ui 

+J 

<u ^ 













V) 











CQ 

O 

rd ^d 

CO 


O 

UO 




00 

00 

<J\ 

<c 


+J r-‘ 

<NJ 

r— ■ 

CM 

CO 

CM 

a\ 

CTi 

a\ 


00 


4-> 

c: <u 












c 

<U £ 












3 

O H-* 












O 

s« 












o 

OJ 

a. u 












LU 

•r* 












< 

4-> 


o 

00 

■r— 


CO 


o 

CO 

o 



CO 


00 


CO 





1— 



M- 

rd 












O 














LU 












>) 













U 













<TJ 














O' 








o 

o 


c 

CO 

r^- 








r— 

r" 


3 

1— ‘ -M 












oo 

rd C 
3 

X 

00' 








X 

X 



O O 


r* 

O 

CO 

p^ 

CM 

'd- 

CM 

r— 



h- o 



• 

• 

• 

00 

P^ 

CO 

• 

• 





LO 

o 


o 

cn 

lO 

CO 

<n 

CO 



- • 

o 

CM 

CO 

LO 

in 

CM 

CM 

CO 

CM 

CM 



C.;- 













. 

w 

•f— 

CO 

CO 

CO 

CO 

CO 

4- 

4- 

4- 

r/1 

</) 



4J +J 

CVJ 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 



(/) !f-- 

<U -O' 

1 

1 

•r— 


1 

•r- 

1 

1 

■f" 

1 

•r~ 

1 

•I— 

1 

i 



£ 

•1— 

•1—- 

•r- 

•r» 

•r" 

•r* 

•r-- 

•r“ 





O 

•r— 

•r- 

•r— 

•r* 

*f— 








CJ 













£ 













OJ 

S 













ci 

No 

CVi 

CO 

CM 


CM 

r— 

CO 

CM 





1— 

h- 

1— 

H- 

H- 

1— 


H- 

r^- 

CM 



<U 

1 


1 

1 

1 

1 



00 

CO 



Q. 

HH 



> 

> 

>— i 


1 

1 

1 



Ul 

>— » 


HH 

1— 1 


l-H 






73 



TABLE VI 


Cycle-by-Cycle Summary of AE Count Data* 


Alloy II 

II-3 

4 
7 
9 

5 

6 

T2 

T3 


Alloy IV 

IV-3 

4 
6 

7 
2 

5 

8 
n 


* Individual listings follow 


Alloy III 

III-3 III-Tl 

4 T2 

7 T3 

8 NT2 

10 SI 

N3 S2 

5 

6 

9 

N2 

Alloy V 

V-3 

4 
6 

7 

10 

2 

5 

8 
9 

T2 



Specimen II-3 (1 - If) 


n 

4N 

e 

4N. 

M 

u 

AU 

.LAH 

f 


Z(mm) 

1 

5000 

10898 

920 

16810 

16810 

92.3 

0.63 

0 

2 

300 

300 

250 

850 

17660 

97.0 

. 1,31 

0.05 

3 

25 

65 

230 

320 

17980 

99 

1 .94 

0.10 

4 

30 

0 

70 

100 

18080 


2.69 

0.13 

5 

0 

5 

5 

10 

18090 


3.33 

0.2 

6 

10 

5 

5 

20 

18110 


3.83 

0.3 

7 

2 

1 

12 

15 

18125 


4.59 

0.4 

8 

1 

1 

0 

2 

18127 


5.19 

0.45 

9 

3 

2 

2 

7 

18134 


6.10 

0.6 

10 

0 

0 

7 

7 

18141 


6.90 

0.8 

11 

5 

3 

4 

12 

18153 


7.75 

1.2 

12 

10 

0 

0 

10 

18163. 


8.53 

2.0 

13 

0 

3 

27 

30 

18193 


9.64 

2.4 

14 

0 

15 

5 

20 

18213 


10.48 

3.0 

15 

0 

0 

0 

0 

18213 V 


11.54 

7.0 

16 

0 

0 

0 

0 

18213 


12.73 


17 

0 

o: 

0 

0 

18213 


13.73 


18 

0 

0 

0 

0 

18213 


14.95 


Total 

5386 

11290 

.1537 


18213 





(30) 

(62 ) 

(8) 






Total 

386 

400 

617 

'■ — 

1403 




less 1st 

(28) 

(29) 

(44) 




. 
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Specimen I I -4 (i - If) 


n 

e 

4N. 



E4N 

f 

i:€^.(%) 

.£(mm) 

1 

4000 

550 

50 

4600 

4600 

95.6 

0.63 

0.05 

2 

0 

25 

25 

50 

4650 


1.26 

0.05 

3 

15 

15 

5 

35 

4685 


2.00 

0.05 

4 

8 

0 

4 

12 

4697 


2.67 

0.1 

5 

5 

0 

5 

10 

4707 


3.26 

0.15 

6 

0 

1 

1 

2 

4709 


3.85 

0.2 

7 

0 

5 

7 

12 

4721 


4.59 

0.2 

8 

10 . 

0 

0 

10 

4731 


5.22 

0.5 

9 

2 

1 

5 

8 

4739 


5.89 

0.6 

10 

0 

0 

5 

5 

4744 


6.53 

0.7 

11 

0 

2 

3 

5 

4749. 

99. 

7.16 

0.9 

12 

1 

0 

4 

5 

4754 


7.83 

1.0 

13 

0 

1 

4 

5 

4759 


8.36 

cvj 

14 

2 

3 

3 

8 

4767 


9.09- 

1.2 

15 

2. 

3 

5 

10 

4777 


9.89 

1 .6 

16 

0 

0 

5 

5 

4782 


10.56 

2.2 

17 

0 

0 

2 

2 

4784 


11.36 

2.6 

18 

2 

8 

0 

10 

4794 


12.14 

2.7 

19 

2 

0 

3 

5 

4799 


12.99 

2.8 

20 

0 

5 

0 

5 

4804 


13.83 

3.1 

21 

5 

5 

0 

10 

4814 


15.05 

(8.0)* 

Total 

4054 

624 

136 


4814 





(84) 

(13) 

(3) 






Total 

54 

74 

86 


214 




less 1st 









cycle 

(25) 

(35) 

(40) 







* approximate value in parenthesis 
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Specimen I I -7 (i - 2f) 


n 

AN^ 

e 

A N. 


an 

22 AN 

f 


it (mm) 

1 

63,000 

41 ,300 

400 

104,700 

104,700 

73.9 

1.6 

0.05 

2 

7000 

1500 

950 

9450 

114,150 

80.6 

3.2 

0.1 

3 

1900 

900 

280 

3080- . 

117,230 

82.7 

4.9 

0.15 

4 

2750 

550 

650 

3950 

121,180 


6.55 

0.3 

5 

1750 

0 

450 

2200 

123,380 

87.1 

8.2 

T.O 

6 

1000 

0 

450 

1450 

124,830 


9.8 

1.5 

7 

750 

0 

550 

1300 

126,130 

88.3 

11.5 

2.5 

8 

2475 

0 

675 

3150 

129,280 


13.1 

3.5 

9 

1000 

50 

500 

1550 

130,830 

92.3 

14.8 

4.0 

10 

600 

0 

650 

1250 

132,080 


16.1 

4.2 

n 

1300 

0 

450 

1750 

133,830 

94.5 

18.2. 

6.0 

12 

4450 

0 

950 

5800 

139,230 


19.5 

(7.3) 

13 

800 

0 

650 

1450 

140,680 

94.4 

21.6 

(7.8) 

14 

450 

0 

150 

600 

141 ,280 


23.5 

WT) 

15. 

400 

0 

0 

400 

141 ,680. 


25.4 

(8,51 ' 

16 

0 

0 

0 

0 

141 ,680 


27.5 

(10.0) 


Total 

89,625 

(63) 

44^,500:. 7755 - 

(31) (5) 

141,680 

Total 

less 1 St 

26,625 

3000 7355 

36,980 

cycl e 

(72) 

(8) (20) 
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J 


Specimen II-9 (i - 2f) 


n 


AN. 

AN 

11 _ 

, AN 

LA N 

f 

(%) 

Jl(mm) 

1 

7700 

5900 

0 

13,600 

13600 

77.3 

1.68 

0 

2 

900 

200 

5 

1105 

14705 

83.6 

3.36 

0 

3 

500 

145 

2 

647 

15352 

87.3 

‘4.94 

0.25 

4 

420 

65 

2 

487 

15839 


6.94 

0.4 

5 

480 

10 

0 

490 

16329 

92.7 

8.73 

0.7 

6 

150 

5 

5 

160 

16489 


10.52 

2.4 

7 

97 

2 

1 

100 

16589 

94.3 

12.42 

2.5 

8 

no 

5 

0 

115 

16704 


14.3 

3.5 

9 

30 

10 

5 

45 

16749 


16.3 

4.5 

10 

650 

20 

2 

672 

17421 


18.52 

(7.5) 

n 

70 

3 

2 

75 

17496 


20.84 

(8.0) 

12 

88 

2 

0 

90 

17586 


23.36 


total 

11195 

6367 

24 


17586 





(64) . 

(36) 

(0) 






Total 

- 








less 1st; 

3495 

467 

24 


3986 




cycle^' [ 

(88) 

(12) 

(0) 
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Specimen II-5 (i - 2s) 


n 

M 

e 

4N, 



r4N 

f 

X£i(*) 

l{m) 

1 

250. 

1050 

0 

1300 

1300 

87.3 

1.62 

0.05 

2 

55 

15 

10 

80 

1380 

87.4 

3.24 

0.2 

3 

30 

5 

15 

50 

1430 

92.7 

4.94 

0.4 

4 

10 

5 

10 

25 

1455 

94.3 

6.67 

0.6 

5 

5 

10 

5 

20 

1475 

95.5 

8.42 

0.8 

6 

5 

0 

7 

12 

1487 


10.19 

1.1 

7 

10 

10 

0 

20 

1507 


12.02 

2.8 

8 

0 

0 

7 

7 

1514 


13.89 

4.5 

9 

7 

3 

0 

10 

1524 


15.79 

5.0 

10 

0 

12 

0 

12 

1536 


17.83 

(8.0) 

n 

0 

7 

0 

7 

1543 


19.95 


Total 

372 

1117 

54 


1543 





(24) 

(72) 

(4) 






Total 









less 1st 

122 

67 

54 


243 




cycle 

(50) 

(28) 

(22) 










Specimen H-6 (i 

- 2s) 



n 

■4Ng , 




ZM 

f 

Xe,-(«) 

A(mm) 

1 

1000 

1150 

50 

2200 

2200 

88.5 

1.36 

0.1 

2 

80 

5 

15 

100 

2300 

92.5 

2.75 

0.15 

3 

20 

10 

10 

40 

2340 

94.7 

4.21 

0.15 

4 

20 

5 

10 

35 

2375 

95.6 

5.72 

0.4 

5 

10 

0 

15 

25 

2400 


7.26 

0.8 

6 

10 

5 

10 

25 

2425 


8.84 

1.0 

7 

3 

7 

0 

10 

2435 


10.27 

2.0 

8 

2 

6 

2 

10 

2445 


11.78 

2.0 

9 

0 

5 

0 

5 

2450 


13.40 

5.0 

10 

2 

3 

0 

5 

2455 


15.15 

7.0 

11 

2 

8 

0 

10 

2465 


16.80 

(7.5) 

12 

1 

3 

1 

5 

2470 


18.70 

(8.3) 

13 

2 

8 

0 

10 

2480 


20.40 


14 

1 

4 

0 

5 

2485 


22.4 



Total 

1153 

1219 

113 

2485 


(46) 

(49) 

(5) 


Total 





less 1st 

153 

69 

63 

285 

cycle 

(54) 

(24) 

(22) 



Specimen II-T2 (i1i-2s) 


n 

AH 

e 

AH. 

AH 

u 

AH 

Za H 

f 


1 

12,000 

13,000 

1,000 

26,000 


2.8 

1.79 

2 

15,5000 

60,000 

2,500 

217,500 

243,500 

26.5 

3.49 

3 

85,000 

42,000 

1,000 

131,000 

374,500 

40.8 

5.24 

4 

45,000 

500 

100 

45,600 

420,100 

45.8 

6.97 

5 

46,000 

12,000 

100 

58,100 

478,200 


8.74 

6 

40,000 

12,500 

1,500 

54,000 

532,200 

57.9 

10.46 

7 

10,000 

2,000 

0 

12,000 

544,200 


12.29 

8 

38,000 

5,300 

750 

44,050 

588,250 

64.1 

14.13 

9 

50,000 

6,000 

500 

56,500 

644,750 


16.04 

10 

69,000 

2,500 

500 

42,000 

716,750 

78.1 

17,93 

11 

63,000 

3,500 

0 

66,500 

783,250 


19.79 

12 

3,000 

10,500 

0 

13,500 

796,750 

86.8 

21.77 

13 

27,000 

12,000 

300 

39,300 

836,050 


23.81 

14 

30,000 

11,000 

200 

41 ,200 

877,250 

95,6 

25.92 

15 

20,000 

13,000 

0 

33,000 

910,250 


27.85 

16 

1,000 

3,000 

0 

4,000 

914,250 


29.96 

17 

0 

3,800 

0 

3,800 

918,050 

100.0 

32.02 


Total 

697,000 

(76) 

212,600 

(23) 

8,450 

(1) 

918,050 

less 1st 

685,000 

199,600 

7,450 

892,050 

cycle 

(77) 

(22) 

(1) 



Because of numerous surface cracks, I could not be measured 
for condition iii. 
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Specimen II-T3 (iii-2s) 


n 

e 

4N. 

4N, 

4N 

Lah 

f 


1 

15,000 

8,000 

1 ,000 

24,000 


9.4 

1.47 

2 

134,000 

15,000 

2,000 

151,000 

175,000 

68.5 

2.94* 

3 

19,000 

3,800 

400 

23,200 

198,200 

77.5 

4.54 

4 

3,000 

3,500 

2,000 

8,500 

206,700 


6.12 

5 

7,200 

1,650 

250 

9,100 

215,800 


7.72 

6 

3,900 

900 

100 

4,900 

220,700 


9.34 

7 

3,700 

470 

150 

4,320 

225,020 


10.94 

8 

5,400 

400 

30 

5,330 

230,350 


12.74 

9 

3,800 

2,160 

20 

5,980 

236,830 


14.57 

10 

3,700 

750 

30 

4,480 

241 ,310 


16.42 

n 

2,350 

1 ,400 

100 

3,850 

245,160 


18.15 

12 

4,900 

1,650 

100 

6,550 

251,810 


19.92 

13 

2,300 

450“^ 

0 

Z,f5U 25^5^0 


^1T71 

14 

300 

200 

0 

500 

255,060 


23.65 

15 

3,350 

650 

100 

4,100 

259,160 


25.61 

16 

500 

1 ,200 

0 

1 ,700 

260,860 


27.59 

17 

300 

2,850 

0 

3,150 

264,010 


29.59 


Total 

212,300 

45,430 

6,280 

264,010 


(80) 

(17) 

(3) 


less 1st 

197,300 

37,430 

5,280 

240,010 

cycle 

(82) 

(16) 

(2) 



*Anneaied inadvertently after the first cycle at 700®C, 10 min., instead 
of the normal 650®C, 10 min. Other annealing was normal. 
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Specimen III-3 (i - If) 


n 

ANg 

AN. 

an 

u 

AN 

AN 

f 

E €j(%) 

A(mm) 

1 

16000 

5050 

50 

21100 

21100 

71.9 

0.23 

0 

2 

600 

1700 

80 

2380 

23480 

80.0 

0.33 

0.05 

3 

300 

435 

55 

790 

24270 


0.46 

0.05 

4 

1000 

600 

245 

1845 

26115 

89. 

0.78 

0.1 

5 

o 

in 

570 

135 

855 

26970 


1.07 

0.1 

6 

320 

0 

5 

325 

27295 

93.1 

1.26 

0.15 

7 

65 

70 

15 

150 

27445 


1.72 

0.2 

8 

30 

108 

2 

140 

27585 

94 

2.06 

0.23 

9 

10 

20 

10 

40 

27625 


2.40 

0.25 

10 

15 

40 

0 

55 

27680 

94.3 

2.77 

0.25 

11 

53 

0 

5 

58 

27738 


3.09 

0.3 

12 

18 

17 

5 

40 

27778 

94.7 

3.43 

0.4 

>3 

10 

2 

0 

12 

27790 


3.73 

0.45 

14 

30 

35 

5 

70 

27860 

95 

4.00 

0.6 

15 

15 

7 

0 

22 

27882 


4.35 

0.8 

16 

20 

0 

5 

25 

27907 

95.1 

4.63 

T.O 

17 

15 

0 

0 

15 




1.2 

18 

68 

2 

0 

70 

27992 


5.36 

’ 1.8 

19 

5 

5 

5 

15 




2.8 

20 

20 

700 

5 

725 

28732 


6.02 

3.0 

21 

10 

5 

5 

20‘ 




3.3 

22 

5 

25 

8 

38 

28790 


6.42 

3.6 

23 

8 

5 

3 

16 




3.8 

24 

5 

0 

3 

8 

28814 


6.82 

4.2 

25 

3 

7 

2 

12 




4.5 

26 

12 

8 

5 

. 25 

28851 


7.43 

5.0 

27 

7 

15 

8 

30 




5.3 

28 

3 

30 

7 

40 

28921 


8.16 

5.8 

29 

1 

10 

2 

13 




6.4 

30 

0 

3 

0 

3 

28937 


8.84 

6.6 

31 

0 

22 

1 

23 




7.0 

32 

0 

35 

5 

40 

29000 


9.78 
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Specimen III-3 (i - If) Cont'd 


n 

e 

AN. 

an^ 

AN 

ZA N 

f 


33 

5 

20 

2 

27 




34 

0 

10 

0 

10 

29037 


10.63 

35 

0 

12 

0 

12 




36 

0 

37 

3 

40 

29089 


12.2 

37 

5 

45 

0 

50 




38 

35 

65 

0 

100 

29239 


13.4 

39 

5 

35 

0 

40 




40 

40 

10 

2 

52 

29331 


15.4 


Total 

18888 

(64) 

4760 

(34) 

680 

(2) 

29331 



Total 







less 1st: 

2888 

4710 

630 

8231 



cycl e 

(31) 

(61) 

(8) 
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Specimen III-4 (i - If) 


n 

AN^ 

e 

AN. 

AN^ 

AN 

L AN 

f 


2(mm) 

1 

6000 

1950 

350 

8300 

8300 

89.8 

0.42 

0.1 

2 

0 

0 

70 

70 

8370 

90.6 

0.88 

0.2 

3 

0 

45 

5 

50 

8420 

91 .1 

1.47 

1.0 

4 

5 

10 

5 

20 

8440 

91 .4 

1.89 

T.3 

5 

15 

25 

8 

48 

8488 

91.9 

25.6 

2.2 

6 

5 

10 

20 

35 

8523 

92.3 

2.88 

3.2 

7 

7 

83 

2 

92 

8615 


3.6 

4.0 

8 

2 

126 

2 

130 

8745 

94.7 

4.1 

4.5 

9 

1 

36 

1 

38 

8753 


4.8 

6.3 

10 

0 

265 

5 

970 

9053 

98 

5.7 

(7.4) 

11 

1 

2 

2 

5 

9058 


6.75 

(7.9) 

12 

2 

10 

3 

15 

9073 


7.35 

(8.5) 

13 

1 

22 

2 

25 

9098 


7.83 

(9.5) 

14 

0 

10 

8 

18 

9110 


8.65 

(10,4) 

15 

0 

44 

6 

50 

9160 


9.5 

(10.4) 

16 

0 

5 

0 

5 

9165 


10.4 

(11.3) 

17 

0 

1 

0 

1 

9166 


11.3 


18 

5 

65 

0 

70 

9236 


12.5 



Total 

6044 

2709 

483 


9236 


(65) 

(29) 

(5) 



Total 
less 1st 
cycle 

44 

(55) 

759 

(81) 

133 

(14) 

936 

936 
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Specimen III-7 (i - 2f) 


n 

AN 

e 

AN^. 

AN^ 

AN 

ZAN 

f 

2 €^{%) 

£(mm) 

1 

22000 

5700 

3600 

31300 

31300 

91.3 

1.5 

0.4 

2 

800 

400 

200 

1400 

32700 

95.6. 

3.05 

3.0 

3 

500 

250 

30 

780 

33480 


4.3 

3.3 

4 

220 

50 

30 

300 

33780 


5.8 

5.3 

5 

0 

0 

0 

0 

33780 


7.3 

6.5 

6 

5 

90 

5 

100 

33880 


9.1 

, (8.0) 

7 

5 

85 

0 

70 

33970 


11.0 


8 

0 

235 

0 

235 

34205 


13.6 


Total 

23530 

6810 

3865 


34205 





(69) 

(20) 

(11) 






Total 

1530 

1110 

265 


2900 




less 1st 

(53) 

(38) 

(9) 






cyd 6 












Specimen II 1-8 (i 

- 2f) 




n 

ANg 

AN. 


an 

Z AN 

f 

2 €^.(%) 

t(mm) 

1 

7500 

4850 

70 

12420 

12420 

81.7 

1.3 

0.1 

2 

800 

50 

0 

850 

13270 

89.8 

2.65 

0.5 

3 

1000 

85 

7 

1092 

14362 


4.3 

3.0 

4 

135 

75 

3 

213 

14575 


5.75 

4.3 

5 

55 

120 

4 

179 

14754 


7.4 

6.0 

6 

10 

41 

5 

56 

14810 


9.05 

(7.5) 

7 

70 

130 

2 

202 

15012 


10.75 

(8.0) 

8 

50 

105 

2 

157 

15109 


12.68 

(9.1) 

9 

3 

37 

0 

40 

15209 


14.6 

(10.5) 

Total 

9623 

5493 

93 


15209 





(63) 

(36) 

(1) 






Total 









less 1st 

2123 

643 

23 


2789 




cycle 

(76) 

(23) 

(1) 
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Specimen III-IO (i - 2f) 


n 

AN^ 

e 

AN. 

AN 

u 

AN 

1 AN 

f 

1 €^(%) 

A (mm) 

1 

1100 

2020 

100 

3220 

3220 

55 

1.08 

1.8 

2 

60 

300 

5 

365 

3585 

61 

3.28 

3.4 

3 

3 

515 

5 

523 

4108 


5.05 

4.5 

4 

2 

390 

12 

404 

4512 

77 

6.04 

5.6 

5 

5 

510 

4 

519 

5031 

86 

8.63 


6 

2 

830 

2 

834 

5865 


10.65 


Total 

1172 

4565 

130 


5865 





(20) 

(73) 

(7) 






Total 









less 1st 

72 

2545 

30 


'2647 




cycle 

(3) 

(96) 

(1) 







Specimen III-N-3 (i - 2f) 


n 

AN^ 

e 

AN. 

AN^ 

AN 

I. AN 

f 

2 €^.(%) 

t(mm) 

. 1 

520 

1100 

10 

1630 

1630 

70 

1.82 

0.1 

2 

0 

130 

0 

130 

1760 

76 

3.81 

1.0 

. 3 

0 

180 

0 

180 

1940 


5.23 

3.8 

4 

0 

130 

0 

130 

2070 

89 

6.71 

5.5 

5 

0 

no 

0 

no 

2180 


8.63 

7.0 

6 

0 

100 

5 

105 

2285 

98 

10.52 


7 

0 

40 

0 

40 

2325 


17.63 


Total 

520 

1740 

15 


2325 





(22) 

(77) 

0) 






Total 









less 1st 

0 

690 

5 


695 




cycle 

(0) 

(99) 

(1) 
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Specimen 1 1 1-5 (i-2s) 


n 

AN^ 

e 

an. 

an^ 

an 

Z AN 

f 

Z t.{%) 

1 (mm) 

1 

1 500s 

4200 

20 

5720 

5720 

62.7 

1.3 . 

0.1 

2 

20 

555 

15 

590 

6310 

69.2 

2.8 

0.3 

3 

30 

520 

10 

560 

6870 

75.3 

4.0 

1.6 

4 

10 

320 

15 

345 

7215 


5.5 

3.0 

5 

10 

400 

15 

425 

7640 

83.8 

6.9 

3.9 

6 

10 

380 

10 

400 

8040 


8.3 

5.3 

7 

30 

330 

10 

370 

8410 

92.2 

9.7 

6.0 

8 

10 

140 

5 

155 

8565 


11.3 

7.0 

9 

10 

110 

10 

130 

8695 

95.3 

12.9 

(8.0) 

10 

10 

140 

10 

160 

8855 


14.6 

(8.6) 

n 

0 

150 

5 

155 

9010 

98.8 

16.5 

(10.0) 

12 

0 

110 

0 

no 

9120 

100.0 

18.6 

(10.5) 

Total 

1640 

7355 

125 . 


9120 





(18). 

(81) 

(1) 






Total 

140 

3155 

105. 


3400 




less 1st 








cycle 

(4) 

(93) 

(3) 






Specimen I I 1-6 

(i-2s) 







n 

ANg 

AN. 

an 

u 

an 

r an 

f 

2 Ei(%) 

i (mm) 

1 

1500 

13100 

5400 

2000 

2000 

93.8 

1 .5 

0.1 

2 

200 

50 

300 

550 

20550 

96.4 

3.0 

0.5 

3 

no 

50 

10 

170 

20720 

97.2 

5.15 

3.5 

4 

60 

275 

15 

350 

21070 

98.6 

6.8 

6.0 

5 

10 

30 

13 

53 

21123 


8.4 

(8.0) 

6 

10 

100 

5 

115 

21238 


10.2 

. (10.0) 

7 

0 

77 

0 

77 

21315 

100.0 

12.5 

(10,7) 

Total 

1890 

13682 

5743 


21315 





(9) 

(64) 

(27) 






total 









less 

1st 390 

582 

343 


1315 




cycle 

i (30) 

(44) 

(26) 
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Specimen III-9 (i-2s) 


n 


A 

4Nu 

an 

Z AN 

f 

Ze. {%) 

1 (mm) 

1 

200 

1240 

35 

1475 

1475 

42. 

1.49 * 

0.1 

2 

10 

415 

10 

435 

1910 

54.3 

3.05 

1.8 

3 

30 

590 

18 

638 

2548 

72.5 

5.05 

3.4 

4 

5 

310 

7 

322 

2870 

81.6 

6.8 

4.4 

5 

3 

105 

6 

114 

2984 

84.9 

8.8 

6.8 

6 

2 

318 

5 

325 

3309 

94.1 

10.7 


7 

1 

200 

5 

206 

3515 


12.7 

/ 

Total 

251 

3178 

86 


3515 





(7) 

(90) 

(3) 






Total 









less 1st 

; 51 

1938 

51 


2040 




cycle 

(3) 

(95) 

(3) 






Specimen III 

-N2 (i- 

2s) 






n 

e 

AN^. 

an^ 

AN 

Z AN 

f 

Z (%) 

SL (mm) 

1 

1850 

1100 

500 

3450 

3400 

31.4 

1.26 

0 

2 

0 

300 

0 

300 

3750 


2.74 

0.5 

3 

0 

150 

0 

150 

3900 

40.8 

4.21 

3.0 

4 

0 

100 

0 

100 

4000 


5.68 

5.5 

5 

100 

1600 

30 

1730 

5730 

61 .4 

7.24 

7.0 

6 

100 

700 

30 

830 

6560 


8.80 


7 

0 

900 

50 

950 

7510 

80.5 

10.90 


8 

0 

600 

30 

630 

8140 


12.21 


9 

50 

1130 

20 

1200 

9340 


14.13 


Total 

2100 

6580 

660 


9340 





(22) 

(70) 

(8) 






Total 









less 1st 

250 

5480 

no 


5890 




cycle 

(4) 

(93) 

(3)- 







88 



Specimen III-Tl (ii-2f) 


n 

e 

4N. 

1 

AH 

u 

AH 

lah 

f 


A (mm) 

1 

50 

270 

20 

340 

340 

10 

2.0 


2 

0 

135 

0 

135 

475 


3.7 


3 

10 

125 

0 

135 

610 

18 

5.79 


4 

0 

50 

15 

65 

675 


7.68 


5 

2 

185 

10 

197 

872 


9.43 

0.2 

6 

2 

280 

5 

287 

1159 


11.26 

0.2 

7 

3 

310 

10 

323 

1482 


12.95 

0.2 

8 

32 

550 

5 

557 

2039 

61 

14.63 

0.4 

9 

3 

125 

2 

130 

2169 


16.25 

0.5 

10 

2 

90 

8 

• 100 

2269 


17.93 

0.8 

11 

4 

85 

3 

92 

2361 


19.52 

2.0 

- 12 _ 

3 

105 

4 

112 

2473 

74 

21.2 

3.2 

13 

6 

70 

3 

79 

2552 


22.89 

3.4 

14 

3 

60 

0- 

63 

2615 


24.54 

4.8 

15 

2 

82 

5 

89 

2704 


26.26 

5.5 

16 

8 

50 

2 

60 

2764 


28.11 

7. 0: . 

17 

0 

1J5 

0 

115 

2879 


30.08 


18 

0 

108 

0 

108 

2987 


32.08 



Total 

100 

2795 

92 

2987 


(3) 

(94) 

(3) 


Total 

50 

2525 

72 

2647 


less 1st 
cycle 


( 2 ) 


(95) 


(3) 



Specimen III-T2 (iii-2s) 


n 

AN 

e 

4N. 


/IN 

LAN 

f 

(%) 

1 

10000 

4000 

3000 


17000 

2.8 

1.68 

2 

25000 

1800 

3200 


47000 

7.8 

3.36 

3 

67000 

5000 

4200 

76200 

123200 

20.5 

5.12 

4 

53000 

34000 

1700 

88700 

211900 

35.2 

6.88 

5 

28000 

11700 

1000 


252600 

42.0 

8.62 

6 

51000 

6500 

500 


310600 

51.6 

10.3 

7 

61800 

7200 

100 


379700 


11.98 

8 

46000 

6000 

1000 


432700 

72. 

13.66 

9 

12000 

5000 

M500 


449700 


15.37 

10 

19000 

11000 

300 


478000 

79.5 

17.05 

11 

30500 

11500 

500 


520500 


18.79 

12 

24000 

5600 

200 


550300 

91.5 

20.6 

13 

27000 

6700 

100 

33800 

584100 

97.1 

22.43 

14 

11000 

3100 

0 

14100 

598200 

99.5 

24.32 

15 

0 

50 

20 

70 

598270 


26.13 

16 

1000 

2100 

20 

3120 

601390 


28.02 

Total 

466300 

118250 

16840 

601390 

601390 




(78) 

(20) 

(2) 





Total 

366300 

114250 

13840 


494390 



less 1st 

.(74) 

(23) 

(3) 





cycle 








Specimen III 

-T3 (ii- 

’f) 





n 

e 

AN. 

1 

AN 

u 

/IN 

£AN f 

£e. (%) 

Z (mm) 

1 

50 

410 

10 

470 

470 18 

1 .68 


2 

2 

98 

0 

100 

570 

3.39 


3 

5 

77 

2 

84 

654 

5.10 


4 

' 2 

240 

3 

245 

899 35 

6.74 


5 

2 

425 

2 

429 

1328 

8.42 


6 

3 

100 

3 

106 

1434 56 

10.00 


7 

3 

80 

10 

93 

1527 

11.68 

0.2 

8 

2 

60 

4 ■ 

66 

1593 

13.40 

0.25 

9 

6 

35 

2 

43 

1636 

15.09 

0.3 

10 

2 

50 

2 

54 

1690 61 

16.77 

0.5 

11 

3 

32 

2 

37 

1727 

18.48 

0.8 

12 

2 

60 

1 

63 

1790 

20.10 

2.2 

13 

2 

100 

3 

105 

1893 

21.74 

3.6 

14 

2 

175 

2 

179 

2074 81 

23.38 

4.5 

15 

2 

85 

2 

89 

2163 

25.05 

6.0 

16 

3 

50 

2 

55 

2218 

26.79 

7.0 

17 

2 

60 

4 

66 

2284 

28.52 


18 

2 

145 

2 

149 

2433 

31.41 


19 

1 

137 

1 

139 

2572 

32.31 


Total 

96 

2419 

57 


2572 




(4) 

(94) 

(2) 





Total 

46 

2009 

47 


2102 



less 1st 
cycle 

(2) 

(95) 

(3) 
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Specimen III-NT2 (ii-2f) 


n 

4Ng 

4N. 

4Nu 


Z4N 

f ; 

(« 

i (mm) 

1 

10 

920 

0 

930 

930 

15 

1.85 

0 

2 

0 

500 

0 

500 

1430 . 


3.68 

0 

3 

10 

740 

0 

750 

2180. 

34 

5.47 

0 

4 

5 

130 

5 

140 

2320 


7.20 

0 

5 

0 

550 

5 

555 

2875 


. 8.96 

0 

6 

0 

50 

10 

60 

2935 

46 

10.74 

0 

7 

10 

10 

5 

25 

2960 


12.48 

0 

8 

0 

40 

5 

45 

3005 


14.25 

0 

9 

3 

40 

0 

43 

3048 


15.90 

0 

10 

4 

80 

0 

84 

3132 

49 

17.62 

0 

11 

0 

no 

10 

120 

3252 


19.3 

0 

12 

TO 

0 

-n 

930 

ion 

20 

250 

3-0 C 

3502 


21 .4 

oo o 

0 

lo 

14 

0 

4 

1 cU 
180 

5 

0 

1 dt 
184 

36'27 

3811 

60 

23.2 

24.8 

— “0^ 

0.25 

15 

0 f 

250 

0 

250 

4061 


26.4 

1.5 

16 

0 

180 

0 

180 

4241 


28.2 

2.5 

17 

3 

250 

10 

263 

4504 


29.7 

3.3 

18 

0 

420 

0 

420 

4924 


31.5 

4.8 

19 

0 

300 

0 

300 

5224 

82 

33.2 

5.4 

20 

0 

510 

10 

520 

5744 


34.4 


21 

0 

320 

0 

320 

6064 

96 

36.2 


22 

0 

270 

0 

270 

6334 


38.4 


Total 

49 

6200 

85 


6334 





(0) 

(98) 

(1) 






Total 

39 

5280 

85 


5404 




less 1st 









cycle 

(0) 

(98) 

(2) 
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Specimen III-Sl (as-received, annealed - 2s) 


n 

e 

4N. 


4N 

£AN 

f 

Z (%) 

jl(mm) 

1 

3000 

7000 

800 

10800 

10800 

3.6 

1.8 

0 

2 

4000 

4500 

500 

9000 

19800 

6 . 7 ' 

3.57 

0 

3 

1200 

12900 

1000 

15100 

34900 


5.34 

0 

4 

100 

13400 

1800 

30400 

50200 


7.05 

0 

5 

2000 

16100 

1200 

49700 

69500 


8.76 

0 

6 

1000 

12900 

1100 

15000- 

84500 


10.44 

0 

7 

5600 

11100 

2000 

18700 

103200 


12.12 

0 

8 

500 

16500 

2300 

19300 

122500 

42. 

13.76 

0 

9 

1500 

15100 

2400 

19000 

141500 


15.4 

0 

10 

2000 

16500 

800 

19300 

160800 


16.94 

0 

11 

2000 

19300 

2900 

29200 

18500 


18.94 

0 

12 

1000 

33900 

2000 

36900 

221900 


19.94 

0 

13 

1500 

25500 

2200 

29400 

251100 


21 .48 

0 

14 

3000 

11000 

3700 

17700 

268800 


23.06 

.5 

15 

3500 

1500 

700 

5700 

274500 


24.56 

1.5 

16 

1000 

1500 

600 

3100 

277600 


26.06 

2.2 

17 

500 

1100 

200 

1800 

279400 

96. 

27.56 

3.5 

18 

300 

950 

100 

1350 

280750 


28.82 

3.9 

19 

500 

1050 

200 

1750 

282500 


30.25 

5.4 

20 

500 

700 

100 

1300 

283800 


31 .6 

6.1 

21 

200 

1250 

20 

1470 

285270 


33.07 

7.1 

22 

700 

1000 

10 

1710 

286980 


34.56 


23 

100 

1200 

10 

1310 

288290 


36.14 


24 ' 

500 

1700 

50 

2250 

290540 


. 37. 8F 


25 

50 

800 

10 

860 

291400 


39.34 


26 

0 

800 

,0 

800 

292200 


41 .23 


Total 

36250: 

228750 

27200 


292200 





(13) 

(78) 

(9) 






Total 









less 1st 

33250 

221750 

26400 


281400 




cycle 

(12) 

(79) 

(9) 
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Specimen III-S2 


(as-received, annealed - 2s) 


n 

AH 

e 

AH. 


AH 

LAH 

f 

Ee. {%) 

Z (mm) 

1 

0 

1300 

30 

1330 

1330 


1,89 

0 

2 

0 

1950 

100 

2050 

3380 


3.79 

0 

3 

0 

2000 

20 

2020 

5400 


5.37 

0 

4 

0 

1950 

10 

1960 

7360 


7.05 

0 

5 

0 

1700 

60 

1760 

9120 


8.74’ .. 

0 

6 

0 

6150 

20 

6170 

15290 

7.1 

10.42 

0 

7 

0 

93000 

15600 108600 

123890 

54. 

12.00 

0 

8 

0 

56000 

3700 

59700 

183590 

79 

13.68 

0 

9 

150 

20000 

2650 , 

22800 

206390 


15.26 

0 

10 

0 

3900 

250 

41 50 

210540 

91 

16.84 

0 

11 

150 

5600 

550 

6300 

216840 


18.42 

0 

12 

50 

4100 

250 

4400 

221240, 


20.53 

0 

13 

— 0— 

— 1250_ 

150 

1400 

222640 


22.00 

0.3 

14 

200 

800 

10 

1010 

223650 


23.65 

0,8 

15 

10 

1100 

20 

1130 

224780 


25.16 

1.3 

16 

20 

680 

10 

-7T0 

225490 


26.7 

2.0 

19 

0 

500 

70 

570 

225060 


28.32 

2.8 

18 

0 

700 

0 

700 

226760 


29.79 

3.5 

19 

0 

600 

0 

600 

227360 


31.41 

4.0 

20 

0 

700 

10 

710 

228070 


32.95 

5.6 

21 

0 

500 

10 

510 

228580 


34.48 

6.8 

22 

0 

490 

10 

500 

229080 


30.06 


23 

0 

580 

10 

590 

229670 


37.53 


24 

0 

980 

0 

980 

230650 


39.32 


25 

0 

300 

0 

300 

230950 


41 .32 


Total 

580 

206830 

23540 

230950 






(0) 

(89) 

(10) 






Total 









less 1st 

580 

205530 23510 


229620 




cycle 

(0) 

(89) 

(10) 







93 


Specimen IV-3 (i-lf) 


n 

AH 

e 

AH. 

1 


.. 4N 

LAH 

f 

(.%) 

1 (mml 

1 

15000 

2508 

750 

18250 

18250 

67.2 

0.21 

0 

2 

2000 

4000 

300 

6300 

24550 

90.4 

0.32 

0 

3 

750 

5 

95 

850 

264H0 

93.5 

0.52 

0.05 

4 

40 

4 

21 

65 

25465 

93.7 

0.52. 

0.1 

5 

140 

5 

85 

230 

25695 

94.6 

0.52 

0.15 

6 

30 

5 

50 

85 

25780 


0.63 

0.20 

7 

10 

4 

141 

155 

25935 


0.78 

0.20 

8 

Q 

10 

125 

165 

300 

26235 


0.78 

0.25 

y 

(192 

0 

221 

413) 

26648 

98.0 



29 







. 1.03 

0.25 

30 

5 

100 

10 

115 

26763 


1 .26 

0.4 

31 

10 

0 

10 

20 

26783 


1.47 

0.5 

32 

5 

5 

40 

50 

26833 

98.8 

, 1.62 

0.7 

33 

6 

0 

2 

8 

26841 


1 .62 

0.9 

34 

65 

0 

15 

80 

26921 

99.1 

1 .68 

0.9 

35 

25 

95 

5 

125 

27046 


2.10 

1 .1 

36 

10 

0 

5 

15 

27061 


3.37 

2.8 

37 

5 

0 

5 

10 

27071 


3.83 

3.2 

38 

2 

0 

8 

10 

27081 


4.15 

3.5 

39 

6 

0 

4 

10 

27091 


4.53 

4.4 

40 

2 

0 

10 

12 

27103 


4.95 

5.2 

41 

0 

0 

10 

10 

27113 


5.47 

5.5 



Total 

18325 

6848 

1992 

27165 


(68) 

(25) 

(7) 


Total 

3325 

4848 

1242 

8915 

less 1st 





cycle 

(37) 

(49) 

(14) 
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Specimen IV-4 (i-lf) 



Total 

1845 

1531 

552 

3928 


(47) 

(39) 

(14) 


Total 

548 

981 

502 

2031 

less 1st 
cycle 

(27) 

(48) 

(25) 
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Specimen IV-6 (i-2f) 


n 

AH 

e 

4N. 

4N 

u 


LAH 

f 

{%) 

il(mm) 

1 

6500 

2100 

500 

9100 

9100 

81.0 

1.05 

0.05 

2 

200 

1250 

280 

1730 

10830 

96.3 

2.31 

1.5 

3 

150 

0 

50 

200 

11030 

98.1 

3.68 

4.5 

4 

115 

60 

18 

193 

11223 


4.84 

7.0 

5 

1 

2 

10 

13 

11236 


6.32 


6 

3 

2 

0 

5 

11241 


8.11 


7 

0 

0 

0 

0 

11241 

100.0 

10.11 


Total 

6969 

3414 

858 


11241 





(62) 

(30) 

(8) 






Total 

469 

1314 

358 


2141 




less 1st 
cycle 

(22) 

(61) 

(17) 







Specimen IV-7 (i-2f) 
n 4Ng 

AH 

u 

AH. 

LAH 

f 


1 (mm) 

1 

16500 

4800 

430 

.21730 

2T730 

95.7 

1.4 

1 .0 

2 

500 

50 

70 

620 

22350 

98.0 

2.53 

3.0 

3 

80 

85 

5 

170 

22520 


3.7 

5.0 

4 

15 

0 

25 

40 

22560 


5.05 

6.5 

5 

228 

0 

28 

256 

22816 


6.6 

(7.8) 

6 

0 

0 

0 

0 

22816 


8.3 

(9.2) 

7 

0 

0 

0 

0 

22816 


10.32 

(10.5) 

Total 

17323, 

4935 

558 


22816 





(76) 

(22) 

(2) 






Total 

823 

135 

128 


1086 




less 1st 









cycle 

(76) 

(12) 

(12) 
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Specimen IV-2 (i-2s) 


n 

e 

4N. 




f 

(%) 

^ (mm) 

1 

3200 

1080 

200 

4480 

4480 

80J 

1.4 

0.05 

2 

90 

450 

130 

670 

5150 


3.4 

2.0 

3 

20 

250 

no 

380 

5530 


5.05 

4.5 

4 

7 

io 

8 

25 

5555 


6.52 

7.0 

5 

8 

10 

8 

26 

5581 


8.42 


6 

5'. 

5 

5 

15 

5596 


10.63 


Total 

3330 

1805 

461 


5596 





(60) 

(32) 

(8) 






Total 

130 

725 

261 


1116 




less 1st 









cycle 

. 02) 

(65) 

(23) 







Specimen IV-5 (i-2s) 

n 

e 

Ati. 




f 

Xf. (%) 

^(mm) 

1 

1900 

1450 

200 

3550 

3550 

95.9 

1.68 

1.0 

2 

85 

15^ 

TO 

ITO 

"^3880 


3726 

— 4t5 

3 

12 

1 

7 

20 

3680 


4.99 

(7.3) 

4 

7 

3 

3 

13 

3693 


6.97 

(9.5) 

5 

5 

1 

2 

8 

3701 


9.05 

(10.6) 

Total 

2009 

1470 

222 


3701 





(54) 

(40) 

(6) 






Total 

109 

20 

22 


151 




less 1st 
cycle 

(72) 

(13) 

(15) 






Specimen IV-8 (i-2s) 







n 

e 

41N. 

AH 

u 

Tn 


f 

X€^(5!) 


1 

900 

230 

30 

1160 

1160 

74.7 

1.68 

1 .5 

2 

2 

5 

20 

27 

1187 


3.07 

4.0 

3 

15 

10 

12 

37 

1224 

78.8 

4.50 

5.8 

4 

7 

300 

.8 

315 

1539 

99. 

6.14 

(8.0) 

5 

6 

5 

3 

14 

1553 


8.10 


Total 

930 

550 

73 


1553 





(59.9) 

(35.4) 

(4.7) 






total 

30 

320 

47 


397 




less 1st 
cycle 

(7) 

(81) 

(12) 
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Specimen IV-Tl (iii-2s) 


n 

AN^ 

6 . 

AN. 

an . 

. u 

A N .. . 

..IAN. . 

f 

!:€.(%) 

3 . (mm) 








1 

144000 

102000 

9000 

255000 


47.2 

1.47 

0.5 

2 

53000 

60000 

8800 

121800 

376800 

69.7 

2.86 

1.5 

3 

12000 

1 0500^ 

3000 

25500 

402300 


4.29 

2.3 

4 

2000 

500 

0 

2500. 

404800 


5.74 

3.&: 

5 

46000 

6200 

100 

52300 

457100 

85.0 

7.21 

4.0 

6 

32000 

3000 

0 

35000 

492100 


8.73 

4.5 

7 

0 

75 

45 

120 

492220 


10.2 

5.0 

8 

5000 

1700 

0 

6700 

498920 

92.3 

11.69 

5,7 

9 

850 

700 

0 

1550 

500470 


13.25 

6.2 

10 

12000 

2000 

0 

14000 

514470 


14.72 

6.6 

11 

15300 

2500 

0 

17800 

532270 

98.5 

16.19 

(7.5) 

12 

2000 

100 

300 

. 2400 

534670 


17.81 


13 

900 

200 

30 

_n30- 

535800 


19.49 


14 

3200 

1400 

50 

4650 

540450 

100.0 

21.28 


Total 

328250 

190875. 

21325 

540450 






(61) 

(35) 

(4) 






Total 

184250 

88875 

12325 


285450 




less 1st 









cycle 

(65) 

(31) 

(4) 
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specimen V-4 (i-lf) 



Total 

4054 

8682 

407 

13143 


(31) 

(66) 

(3) 


Total 

1054 

2082 

407 

3543 

less 1st 
cycle 

(30) 

(59) 

(13) 



100 





Specimen V-6 (i-2f) 



n 




AH 

lAH 

f 

(*) 

1 (mm) 


1 

25000 

3200 

200 

28400 

28400 

87.1 

1.35 

0.1 


2 

950 

60 

180 

1190 

29590 

90.5. 

2.88 

0.15 


3 

450 

165 

5 

620 

30210 

92.4 

4.4 

0.5 


4 

203 

8 

2 

213 

30423 


6.1 

0.8 


5 

118 

3 

0 

121 

30544 


7.6 

1.3 


6 

67 

5 

23 

95 

30639 


9.1 

1.6 


7 

165 

135 

5 

205 

30844 

94.6 

10.4 

1.8 


8 

130 

1 

5 

136 

30980 


11.9 

2.4 


9 

350 

425 

5 

.780 

31760 


13.3 

3.1 


10 

165 

5 

1 

171 

31931 


14.7 

3.4 


11 

319 

0 

6 

325 

32256 


16.40 

3.7 


12 

40 

30 

2 

72 

32328 


17.8 

4.1 


13 

150 

3 

3 

156 

32484 

99.6 

19.3 

5,2 


14 

25 

4 

2 

31 

32515 


20.8 

5.4 


15 

5 

2 

0 

7 

32522 


22.4 

5.6 


16 

6 

1 

2 

9 

32531 


24.0 

5.6 


17 

31 

53 

0 

84 

32615 

100.0 

26.1 


Total 


28174 

4000 

441 


32615 






(86) 

(12) 

(1) 






Total 


3174 

800 

241 


4215 




less 

1 St 

— 








Specimen V-7 (i-2f) 


n 


AN. 


AN 

£AN 


rei(S) 

jl(mm) 

1 

6000 

8200 

50 

14200 

14200 

82.8 

1 .2 

0 

2 

800 

350 

250 

1400 

15600 

90.9 

2.3 

0.1 

3 

350 

150 

100. 

600 

16200 

94.4 

3.5 

0.15 

4 

50 

60 

0 

no 

16310 

95.1 

4.7 

0.2 

5 

0 

20 

0 

20 

16330 


5.9 

1 .0 

6 

150 

5 

5 

160 

16490 


7.3 

2.0 

7 

0 

180 

0 

180 

16670 


8.5 

2.2 

8 

2 

3 

5 

10 

16680 


9.85 

2.8 

9 

8 

130 

2 

140 

16820 


11.1 

4.0 

10 

5 

25 

0 

30 

16850 


12.4 

4.4 

11 

2 

10 

2 

14 

16864 


13.6 

4.6 

12 

55 

2 

7 

64 

16928 


14.95 

5.6 

13 

0 

15 

2 

17 

16945 


16.35 

6.0 

14 

25 

0 

10 

35 

16980 


17.8 

(7.5) 

15 

0 

162 

8 

170 

17150 


19.3 

(9.0) 

16 

0 

1 

1 

2 

17152 


21.16 


17 

0 

1 

1 

2 

17154 


22.95 


18 

0 

0 

0 

0 

17154 


21.1 



Total 

7447 

9264 

443 

17154 


(43) 

(54) 

(3) 


Total 

1447 

1064 

393 

2954 

less 1st 
cycle 

(49) 

(36) 

(13) 
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Specimen V-10 (i-2f) 


n 

e 

4N. 


AH 

LAH 

f 

Le. (%) 

i (mm) 

1 

2955 

620 

19 

3594- 

3594 

65 

1.49 

0 

2 

17 

14 

1 

32 

3626 


3.09 

0.1 

3 

10 

63 

3 

76 

3702 

67 

4.78 

0.2 

4 

3 

27 

2 

32 

3734 


6.38 

0.6 

5 

1 

70 

2 

73 

3807 


8.04 

1.1 

6 

1 

3 

0 

4 

3811 

69 

9.68 

3.5 

7 

3 

411 

6 

420 

4231 


11.37 

3.6 

8 

0 

360 

3 

363 

4594 


12.99 

4.0 

9 

2 

20 

8 

30 

4624 

84 

14.67 

5.2 

10 

2. 

190 

3 

195 

4819 


16.42 

6.2 

11 

1 

2 

2 

5 

4824 


18.21 

6.9 

12 

2 

86 

4 

92 

4916 


20.00 


13 

0 

1 

3 

4 

4920 


21.81 


14 

1 

235 

3 

. 239 

5159 


23.79 


15 

0 

330 

2 

332 

5491 


-25.89 


16 

0 

10 

2 

12 

5503 


28.42 


Total 

2998 

2442 

63 


5503 





(54) 

(44) 

(1) 






Total 

43 

1822 

44 


1909 




less 1st 









cycle 

(2) 

(95) 

(2) 
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specimen V-2 (i-2s) 



n 

4Ng 

4N. 

aN 

u 

aN 

X4N 

f 

(%) 

^ (mm) 



1 

305 

73 

0 

378 


378 

43J 

1.76 

0.05 



2 

0 

0 

0 

0 


378 


3.78 

0.1 



3 

0 

0 

0 

0 


378 


5.64 

0.6 



4 

0- 

0 

0 

0 


378 


7.53 

2.0 



5 

0 

500 

0 

500 


878 

100.0 

9.47 

2.3 



6 

o 

.0 

0 

0 


878 


11.30 

3.0 



7 

3 

0 

0 

0 


878 


13.26 

5.3 



8 

0 

0 

0 

0 


878 


15.15 

6.3 



9 

0 

0 

0 

0 





7.0 



10 

0 

0 

0 

0 








11 

0 

0 

0 

0 








12 

.0. 

0 

0 

0 




23.51 



Total 


305 

573 

0 



878 







(35) 

(65) 

(0) 








Total 


0 

500 

0 








less 

1 st 











^c^cle 



o 

o 

_(0). 









Specimen V-5 

(i-2s) 










n 

AN 

e 

AN. 

1 


aN 




1 

500 

2900 

50 

3450 


3450 

88.0 

1.43 

0.1 


2 

10 

10 

30 


50 


3500 


2.75 

0.1 


3 

10 

10 

2 


22 


3522 

89.8 

4.21 

0.2 


4 

10 

45 

15 


70 


3592 


5.62 

0.6 


5 

10 

2 

8 


20 


3612 


6.8 

1,0 


6 

10 

0 

10 


20 


3632 

92.6 

8.25 

1.4 


7 

5 

1 

1 


7 


3639 


9.72 

1.7 


8 

5 

2 

1 


8 


3647 


11.05 

2.8 


7 

5 

2 

8 


15 


3662 


12.42 

3.2 


10 

2 

2 

4 


8 


3670 

93.7 

13.78 

4.3 


11 

2 

2 

3 


7 


3677 


15.2 

4.3 


12 

0 

80 

5 


85 


3762 

96.0 

16.67 

4.8 


13 

5 

120 

5 


130 


3892 


18.3 

5.0 


14 

2 

2 

1 


. 5 


3897 • 


19,83 

5.8 


15 

10 

10 

5 


25 


392i_ 


21-72 

7.0 

Total 


586 

3188 

148 




3922 






(15) 

(81) 

(4) 








Total 


86 

288 

98 




472 




less 1st 











cycle 


(18) 

(61) 

(21) 
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Specimen V-8 (i-2s) 


n 

e 

. 4N. 

4N 

u 

4N 

LAH 

f 

w 

Jl(mm) 

1 

500 

3900 

210 

4610 

4610 

80.5 

1.66 

0 

2 

75 

15 

15 

105 

4715 


3.32 

0.1 

3 

5 

3 

15 

23 

4738 

82.7 

5.05 

0.2 

4 

3 

8 

6 

17 

4755 


6.70 

0.4 

5 

15 

. 5 

20 

40 

4795 


8.31 

1.0 

6 

4 

4 

10 

18 

4813 

84. . 

10.0 

1.8 

7 

3 

4 

5 

12 

4825 


11.64 

2.5 

8 

4 

3 

3 

10 

4835 


13.22 

3.5 

9 

15 

2 

10 

27 

4862 


14.8 

4,3 

10 

14 

180 

8 

202 

5064 

88.5 

16.6 

4.5 

11 

5 

40 

8 

53 

5T17 


18.3 

5.3 

12 

5 

140 

5 

150 

5267 

92. 

20.0 

6.8 

13 

5 

240 

4 

249 

5516 

96.3 

21.89 


14 

5 

80 

9 

94 

5610 

98. 

23.75 


15 

1 

2 

1 

4 

5614 


25.6 


16 

0 

. no 

1 

111 

5725 


27 A7 


17 

0 

0 

0 

0 

5725 


29.58 



Total 

659 

4736 

330 

5725 


(11) 

(83) 

(6) 


Total 

159 

836 

no 

1115 . 

less 1st 
cycle 

04) 

(76) 

(10) 
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Specimen V-9 (1-2s) 


n 

AH 

e 

4N. 

u 

1 

2860 

435 

185 

2 

90 

150 

26 

3 

14 

23 

12 

4 

10 

15 

15 

5 

14 

86 

10 

6 

10 

60 

13 

1 ~ 

0 

48 

4 

8 

12 

:z 

8 

9 

11 

2 

6 

10 

3 

1 

8 

11 

8 

0 

1 

12 

2 

3 

5 

13 

2 

2 

2 

14 

0 

8 

3 


3036 835 298 

(43) (20) (7) 

176 400 113 

(26) (58) (16) 


Total 

Total 
less 1st 
cycle 


:: AH 

LAH 

f 

l€^ (%) 

i (mm 

3480 

3480 

83 

1.70 

0.1 

266 

3746 


3.49 

0.2 

49 

3795 

91 

5.20 

0.35- 

40 

3835 


6.90 

1 .20 

no 

3945 


8.63 

1.9 

83 

r^rr — 

4028 


10.42 

4.2 


4080“ 



~98 

i^2-n-5 

■‘4^7 — 

22 

4102 


13.96 

5.0 

19 

4121 


15.83 

5.6 

12 

4133 


17.71 

6.7 

9 

4142 


19.58 

7.0 

10 

4152 


21.54 


6 

4158 


23.56 


11 

4169 


25.83 



4169 

689 
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Specimen V-T2 (iii-2s) 


n 

e 

4N. 



X4N 

f 

w 

1 

9300 

5700 

1000 

16000 


3.2 

1.78 

2 

300000 

51500 

6000 

357500 

373500 

74.3 

3.56 

3 

21000 

25000 

700 

46700 

420200 

83.8 

5.45 

4 

1500 

3500 

200 

5200 

425400 


7.25 

5 

750 

16500 

600 

17850 

443250 


9.23 

6 

650 

‘•500 

150 

1300 

444550 

88.7 

11.12 

7 

24100 

4900 

250 

29250 

473800 


13.1 

8 

6200 

1450 

100 

7750 

481550 


15.00 

9 

4400 

200 

100 

4700 

486250 


16.89 

10 

1650 

2600 

0 

4250 

490500 

97.7 

18.78 

11 

1000 

2550 

200 

3750 

494250 


20.61 

12 

100 

600 

0 

700 

494950 


22.61 

13 

300 

650 

10 

960 

495910 


24.57 

14 

0 

270 

0 

270 

496180 


26.53 

15 

0 

1300 

80 

1380 

497560 


28.42 

16 

0 

1050 

0 

1050 

498610 


30.38 

17 

0 

1700 

0 

1700 

500310 


32.36 

18 

0 

2650 

0 

2650 

502960 


34.4 

Total 

370950 

122620 

9390 


502960 




(74) 

(24) 

(2) 





Total 

361650 

116920 

8390 


486960 



less 1st 
cycle 

(74) 

(24) 

(2) 
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TABLE VI I --Amplitude Distribution Analysis of Alloy III Samples 



I 


Wideband Manual 5 (n=3,4) 
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